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FOREWORD

This report describes the development of an experimental laboratory model

of an electric field meter using the electron beam deflection technique and the

system considerations for its use. This meter is designed to operate within the

ionosphere in the vicinity of spacecrafts.
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No. PCD-TR-67-9A, FHR 3287-1.4,, dated September, 1967.

V



ABSTRACT

This report describes the development of an experimental laboratory

model of an electric field meter using the electron beam deflection techniques

and the systems considerations for its use. This meter is designed to operate

fl_ the vicinity of a spacecraft wi thin the ionosphere. The use of a weak electron

beam (less than i microampere) provides a field sensing element which does

not disturb the enviromnent or he field it is measuring, while still permit%ing

thc association of the measured fields with the oribiting spacecraft at desired

locations on, near, or far from its surface.

The meter has a dynamic range from 10 mv/meter to 1000 v/meter with

an accuracy of_ 1my/meter at 10 my/meter and ± 1% above 100 mv/meter.
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SECTION I

INTRODUCTION

This volume of the final report will involve the presentation of technical data

associated with the development of the electron beam deflection electric field nmter

and its use in the measurements in the vicinity of the spacecraft.

Based upon the results of the laboratory field meter tests and the analytic

studies of the ionospheric environment, an experiment configuration has been

developed which will have the following capabilities:

Dynamic Range: • 10 mv/m to • 1000 v/m

Accuracy: • 1 mv/m at 10 mv/m and • 1% above 100 mv/m.

Operation within the ionosphere in the vicinity of spacecraft.

Two electric field components simultaneous readouts.

A. GENERAL

The measurement of electric fields in the vicinity of spacecraft operating

within the ionosphere has presented many problems. The paucity of knowledge

of electric fields within the ionosphere is a reflection of the extreme difficulty in

obtaining this information without modifying the ftelds being measured. (1)

In addition to the scientific requirement of understanding the space environ-

ment, there are also engineering requirements which necessitate the development

of an electric field meter which is compact, can operate within the ionosphere,

has a wide dynamic range and is extremely sensitive to small field changes.

These engineering requirements include the measurement of:

(1) Electric fields created by charged particulate clouds near the

spacecraft.

(2) Electric fields created by the plasma sheath surrounding the

spacecraft.

(3) Electrodynamic forces and moments upon the spacecraft caused

by this charged body moving through an ambient ionospheric electric

field.



A meter that fulfills theserequirements must be relatively compact so that

it can be moved from point to point within the spacecraftls external environment

without elaborate calibration or mechanical requirements. The range of electric

fields that this meter encounters will vary from 1000 volts/meter close to the

xnahlala am'f_e _n.wn. _ .,_11_,,,.,1+../_^*^- at a distance of 5 body radii from the

spacecraft, thus a meter used for housekeeping of the environment needs a wide

dynamic range. The meter should not modify the electric field or other environ-

ment parameters, in particular, the field sensing element should be a non-

participating observer. The physical design of the meter must be compatible with

the plasma properties of the ionosphere-magnetosphere in relation to a body

moving through it.

This report describes the development of an electron beam electric field

meter which has been designed to perform these engineering tasks as well as the

survey of the ambient electric field within the ionosphere.

B. ELECTRIC FIELD MEASUREMENTS WITHIN THE IONOSPHERE

The measurement of the electric field in the vicinity of the spacecraft within

the ionosphere presents many unique problems in meter design and interpretation

of data,

Electric fields in the atmosphere or vacuums are commonly measured by

"field mills., These meters measure the charge collected on a metal surface

which is intermittently screened from the field to be measured. (2) Another means

is by the potential difference of two or more high impedance probes of known

geometry. (3) In addition charged particle interaction with the field to be measured

has also been used. (4) Two of the most severe problems associated with the

measurement of electric fields within the ionosphere are:

1) The ionosphere consists of a highly ionized plasma. A plasma sheath

develops about bodies which produce high electric fields near surfaces.

The conductivity of the plasma tends to neutralize charges collected by

the meters.
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2) Vehicle motion relative to the earth's magnetic field produces an

apparent electric field which must be known in order to determine

the actual electric field being measured.

The ,,field mill" class of meters are thus faced with the problems that the

plasma sheath covering the meter creates electric fields, as high as 1000 volts/

meter, at the surfaces used for charge collection. Also electric currents flow

from the plasma to the field mill. Since the concept of this meter is the measure-

ment of current flowing to a surface element that is intermittently screened from

the outer field, it is noted that the sensing element in a plasma presents extreme

difficulties to the measurement of the electric fields.

The electrostatic potential difference probes are faced with similar diffi-

culties. Each probe of the measuring system is surrounded by a plasma sheath and

acquires a potential different from the plasma. The voltage drop in a sheath

depends upon the geometry and orientation of the probes; thus the potential differ-

ence may not be the same for each probe. The orientation of the probes is

extremely important since, due to the e_h's magnetic field,the plasma is

anisotropic. Further, the probes must be far away from each other and allother

obstacles thatcould disturbthe symmetry by screening differentparts of the

incoming charged particleflux. In addition,the probe material and electrical

connections must be identicalphysicallyand electricallyto assure the same

ph0toemission and electricalimpedance characteristics. The distance between the

probes becomes extremely great when small fieldsare being measured. For

example, Fahleson (5)has performed an excellentdesign evaluationfor the measure-

ment of electrlcfieldsin the ionosphere using a probe system; he findsthata

300 krn altitudeminimum probe distanceof 6 meters must be used to assure all

the design restraintsare met. For higher altitude,the distance becomes

significantlygreater. This analysis assumed thatthe meter constitutedthe

spacecraft;ifthe meter was carried aboard a multipurpose spacecraft, itwould

have to be placed at an extremely large distance from the craftto assure no screening

thatwould destroy the symmetry.

Another technique that is being used to measure the electric fields in the

ionosphere is the motion of an ionized barium cloud. In these experiments barium



vapor is releasedat altitude in sunlight. The cloud is rapidly photoionized

(within 100seconds)andis diffused in a long straight beamin the earthts magnetic

field. The relative motion of this barium cloud and a neutral gas cloud simultan-

eously released is used to determine the electric field in the ionosphere. The

increased ionization caused by the presence of the ionized cloud within the iono-

sphere modified the ambient electric field, and the diffusion of the magnetic field

into the ionized gas cloud creates a time as well as a spatially dependent problem

which is still being analyzed.

In summary, the only compact (quasi-point) field measuring device presently

being used is the field mill, however, significant problems are associated with its

use in the highly ionized ionosphere. The potential probe systems and barium

cloud techniques are applicable over large spatially separated points or volumes

remote from the spacecraft. None of these concepts meet the requirement for an

electric field meter that can measure electric fields in the vicinity of a spacecraft

within the ionosphere.

The electron beam electric field meter has been designed to meet this requirement,

This meter utilizes the deflection of an electron beam under the influence of an electric

field. The sensitivity of the device is enhanced by utilizing a feed-back loop which

continually nulls the virtual center of the electron beam and by synchronously detect-

ing chopped electric field deflections. The meter is designed to operate within the

ionosphere and has a range from 10 millivolts/meter to 1000 volts/meter. It has a

sensitivity of • 1 millivolt/meter at the 10 mV/meter level. The meter that will

be designed for space use will have a physical size of 1 foot long by 9 inches on

the sides and weigh under 1 pound, and the auxiliary housekeeping package will be

remote from the meter, weighing 2 pounds and occupying a volume of 0.1 cubic

feet. These units are shown in Figure 1.

C. HISTORY OF DEVELOPMENT

In 1964, the Marshall Space Flight Center's Space Sciences Laboratory began

an in-the-house investigation of the use of electron beam deflection to measure

electric field strength. The results of this feasibility study and associated laboratory

effort demonstrated that fields of less than 1 volt/meter could easily be measured

in the laboratory. (6)

4
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The present work described in this report is the development of an experi-

mental laboratory model of an electric field meter using the electron beam

deflection technique and the system considerations for its use. This meter is

designed to operate in the vicinity of a spacecraft within the ionosphere. The use

of a weak electron beam (less than 1 microampere) provides a field sensing element

which does not disturb the environment or the field it is measuring, while still

permitting the association of the measured fields with the orbiting spacecraft at

desired locations on, near, or far from its surface.



SECTE_NII

INTERACTION OF BODIES WITH THE IONOSPHERE

A. INTRODUCTION

When a body moves at high speed through a low density, partially ionized gas,

electrically neutralparticles are disturbed and exchange momentum end energy with

the surface. This gives rise to aerodynamic drag (perhaps lift) and heat transfer.

These purely aerodynamic phenomena may be regarded as extensions to low density

of the familiar results of aerodynamics, and will receive little attention below.

Ionized particles interact not only with the surface of the body, but also with electric

and magnetic fields in the vicinity of the body. These fields are present in the iono-

sphere, and are themselves locaUy modified by the body and the distributions of

charged particles.

We shall be primarily interested in the electric fields induced by the body. As

we shell see, these may be of higher order than the fields which it is intended to

investigate by means of the electron beam field meter. This last remark has more than

one significance in the present context. Thus, if it is intended to use the field meter

to measure "ambient" fields in the ionosphere, then care must be taken that fields

induced by the vehicle carrying the field meter are either calculated or else reduced to

a small "noise" level. On the other hand, if the fields induced by the vehicle are to be

investigated, then the incremental field induced by the components of the field meter

itself must be taken into account. In either case, it is important to note that since

the conditions in which the field meter is to be used are difficult to duplicate in the

laboratory, no calibration of the instrument can he carried out which would vitiate

the importance of our estimates of these induced fields. We must necessarily carry

out a theoretical study which will enable us to correct measured field values, or at

least to indicate under what conditions of use the induced electric fields will be small

enough to be regarded as negligible. That is the principal purpose of the following

sections of this report.

The nature of interaction between free electrons and ions in the ionosphere is

described by the usual electromagnetic equations and requires no further comment at

this stage. Some remarks must be made, however, on the interaction between particles

and the body. Particles striking the surface may be reflected or absorbed. As

7



regards reflection, particles may be assumed to be reflected specularly, in which

case they retain the temperature characteristic of the plasma, or they may be

diffusely reflected with the temperature of the surface. Charged particles may be

taken to be absorbed or neutralized by the surface. Finally, under certain circum-

stances (particularly in conditions of very high vacuum), emission of electrons

becomes significant. Such emission may he due to photoelectric effects or due to

thermionic action. The relative importance of ÷h_se different types of interactions

between the charged species and the surface depends on the properties of the surface,

the condition of the plasma, the intensity of incident radiation and so on. The

calculation of the potential acquired by the body and the surrounding induced electric

field therefore involves the condition of the ambient plasma, the interaction of

electrons and ions with the surface and the induced field, and the local geomagnetic

field. To obtain useful answers to the problem, it will be necessary to deal with

different regimes of interaction, in each of which sufficient assumptions are possible

to make the theory tractible.

B. IONOSPHERIC PARAMETERS

Ambient electric fields in the ionosphere arise when neutral plasma flows across

the geomagnetic field lines. It is not our purpose here to enter into the details of these

ionospheric phenomena. We merely note that the E field appears to vary in the

range 10 -2 volts/meter to 10 -1 volts/meter in a direction perpendicular to the local

magnetic field lines. (The field parallel to the geomagnetic force lines is at least

twoorders of magnitude less). (3'5) This --E field has been observed in the F 1

and F 2 regions, Gdalveich and Imyanitov (18) quote results obtained with sounding

rockets which show E to be about 5 x 10 -2 volts/meter through the F region, with

a maximum of about 8 x 10 -2 volts/meter at 200 km. The field parallel to H was

found to be measurable only in the F 2 region. These results, however, are highly

variable and should be regarded as qualitative only. We may conclude only that our

instrmnents should function down to 10 -2 volts/meter, and that the simultaneous use

of a vector magnetometer would be helpful in interpreting the results. Induced fields

(where these are to be measured) might present a more difficult problem, since they

vary from zero far from the bodyto hundreds of volts per meter at the body surface,

and their direction is not in general known (except near the surface) even qualitatively.



C. DIMENSIONLESSPARAMETERS

The altitude range with which we shall deal is from 100 km to about 700 kin.

Some of the relevant properties of the ionosphere are presented in Figure 2 •

From these we can see the order of magnitude of the dimensionless groups of the

various problems we shall investigate.

The satellite velocity is approximately 106 cm/sec. Where we are dealing

with the vehicle induced fields, we shall take its typical dimension to be 102 cm,

denoted by db. The typical dimension of the components of the field meter dr, is

taken to be 1 cm. We then have the following approximate values of the dimension-

less groups:

Ve/V ° _ 0(10) li/d f - 0(10 2)

vi/Vo Vn/Vo - 0(10-1) db/6 - 0(102) to 0(103)

le/d b - 0 (10 -2) df/6® - 0(1) to 0(10)

le/d f = lt/d b -0(1) _.e/do - 0(10 2 ) = ;_i/db

We note that on the scale of the body, the plasma is essentially colllstonless, and

that the thermal velocity of electrons is much greater than, and the thermal velocity

of ions much less than, the satellite velocity. The quantity 6 oo=(kT/4 _e2n_ 1/2 is

the Debye length based on the undisturbed electron density, and is typically small

compared with the body, i, e., there exists a thin, well defined, "plasma sheath".

This is true however, only when the local electron density ne is of the same order

as the undisturbed value. As we shall see this is not the case in regions downstream

of a body, from which electrons are repelled by high negative potentials.

D. REGIONS OF INTERACTION

The various regions in which certain sets of assumptions will be approximately

valid are illustrated in Figure 3. In region A far from the body, the plasma is

undisturbed by the body, but the effect of ambient electric fields on the particle

distribution functions should be taken into account. We shall not consider the presence

(or scattering by the body) of magnetohydrodynamic waves. Electrical neutrality is

completely preserved far from the body. Regions B and B' are near the body, but

outside the I)ebye region. The local potential and the electron distributions are
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Figure 3: Regions of Interaction

n

A B
C

WAKE

A !

A

B

B'

C

C'

Undisturbed Ionospheric Plasma, with E

Disturbed Region J r I :_ 5
o0

Disturbed Region I r J >d b

Debye Region Upstream

UpstreAm

Downstream

De e BegtonDowns eam ~ (db)

strongly coupled here. Electrical neutrality is only approximately preserved, but

surface interactions have only a weak effect on the state of the plasma. We shall

show below that in this region the kinetic energy of ions (in the frame of the body)

is much greater than their thermal energy or potential energy. Since, as noted

above, li/db_ 0(1) or greater, ion trajectories in the neighborhood of the body are

nearly straight lines and the ion concentration can therefore be estimated, to a first

order, without consideration of the influence of the electric or magnetic fields.

(These remarks must be modified somewhat where applied to the wake region B'.

Ions are shaded by the body in C' and, to a lesser extent, in B'. Thus the ability

of ions to penetrate B' depends on the magnitude and orientation of the mapeflc

field if li/d b _ 0(1); for components of the field meter, since li/d f _ 0(102), the

curvature of ion paths may be neglected. The effect of electric fields on the ion

concentration is more important here than at the front or sides of the body, since

the interaction distance is much longer; but it is still of smaller order).

11



To sum up, we may say that in B and B' electrons behave as in the neighbor-

hood of a body at rest, whereas ions are scattered principally only by the body itself

and behave as a high Mach number collielonless stream of neutral particles.

The sheath region C upstream and at the sides of the body extends for a

distance of the order of 6 =. In the wake region C' the "Debye length" can be

shown to extend to distances of the order of the body dimension. In both these regimes

there is substantial charge density and a high electric field. The absorption,

neutralization, reflection (both specular and diffuse) and emission of particles at

the surface must be accounted for; the particle distribution functions are therefore

highly anisotropic and discontinuous. It is this last fact which is responsible for

the difficulty of the theoretical problem presented by these I)ebye regions. In fact, the

cases we shall consider are somewhat similar to the problem of the plasma sheath at

an electrode or the analysis of the characteristics of the electrostatic probe in

ooUisionless plasma. Both these problems have been the subject of numerous

papers in the last few years.

Our task here is to estimate the potential distribution in the neighborhood of

the satellite vehicle and the components of the electric field meter. Since there can

obviously be no general solution, even for bodies of simple shape, the analysis must

be reduced to a number of separate problems, each for a particular regime,

orientation of vehicle velocity, magnetic field, surface condition and so on. In each

of these problems, hopefully, sufficient assumptions will be Justifiable to reduce

the formulation to atractable form, end to arrive at results from which a picture

of the induced field can be built up and its influence on the electric field meter

inferred. Many of these cases have been solved before; we shall apply them to our

problem and modify them as necessary.

E. BRIEF LITERATURE SURVEY

The most important reference which has been used here is a book by Alpert,

Gurevi_h and 1)itoevski (7) which deals with almost all aspects of the satellite

ionosphere interaction problem. This volume is in fact a compendium of some 20

or 30 papers published by these authors in the period from 1959 to 1965. They deal

with the distributions of neutral and charged particles, the induced electric and magnetic

fields, the effect of collisions and the I)ebye problem in central force fields. No

12



considerationis given, however, to theeffect of ambient fields, and we shall have

occasion below to modify their work to take account of such fields. The problem of

the Debye region, as dealt with by Alpert, et al, is of little relevance to us and is

useful chiefly for the case of a spherical probe in a collisionless plasma. The

assumption of spherically symmetric fields is also useful when the I)ebye region is

much larger than the body dimensions; this, however, is nowhere the case in the

ionosphere. It is noteworthy that some early work on this problem was based on such

assumptions, Kraus and Watson,(14_or example considered a small charge in a plasma

both by the magnetohydrodynamic and the Boltzmann equation formulation.

The work of Alpert, Gurevich and Pltaevski appears to contain the only attempt

to derive a comprehensive picture of the electric potential distribution around

satellites, although for obvious reasons, the examples they give are mostly confined

to spherical bodies. Other authors have dealt with portions of the problem only.

Thus, Chen (8) considers the particle densities in what we have called region B and

derives, on the basis of the assumptions we have stated here for this region, the

particle fluxes and hence the potential on the satellite surface. His result is valid

only for a conducting sphere in the absence of anisotropies due to external fields.

Davis and Harris (10) have carried out numerical calculations of the potential field.

Their method was to solve Poisson's equation for an equilibrium distribution of

electrons and a constant ion density. This yields a first approximation to the potential

distribution; the latter is then inserted into the equation of motion for ions and a

second approximation to the ion density obtained. Their method consists of an

iterative procedure for potential and ion density, in which the equilibrium electron

density is retained at each step, and a conducting spherical body which completely

absorbs incident ions is assumed. In this solution, therefore, no attempt is made

to separate the treatment of the Debye region from the remaining neighborhood of

the body, although a sheath appears in the solution. The results of Davis and Harris

are somewhat similar to those of Jastrow and Pearse (12) who carried out one of the

earliest investigations of this problem. Their treatment was based on the same

assumptions as that of Davis and Harris, but was analytical rather than numerical.

In both cases the solution is limited (apart from the lack of generality in the type of

surface interaction chosen) by the assumption of an equilibrium (Maxwellian) electron

distribution, even in the sheath. In fact, the electron distribution is highly subject

13



to surface interactions, is anisotropic anddiscontinuous,andapproachesequilibrium

only at distancesfrom the surfacemuchgreater than the Debyelength.

As regardsthe Debyeregion itself, or the "double layer" as Alpert, et al

refer to it, the problem here is to solve simultaneously the Vlasov and Poisson

equations subject to the specified interactions on the surface. The solution must

conform to the conditions pertaining in region B at large distances from the surface,

which in our case involve an anisotropy in the electron distribution function. This

problem, as we have noted earlier, has received a great deal of attention, although

not in the present context; it has been studied, rather, in its appLication to electrodes

and electrostatic probes. It should be noted that the electrostatic probe problem has

been studied not only in the colLisionless case htt also in the "continuum" regime

for dense plasmas and in the Boltzmann equation formulation with account taken

of collisions. Examples of the latter problem are to be found in papers by Chou,

Talbot and Willis (9) and by Wasserstrom, Su and Probstein. (17) The former deal

with the case of low collision frequency by means of the "Krook model" for the col-

lision term, and find that the effect of celLisions is to reduce the charge density in

the sheath, and consequently to increase the extent of the Debye region. Since their

solution is for a weakly ionized gas, (Like the ionosphere in the E and F regions)

the collisions are those between charged and neutral particles principally. We may

expect that the effect of collisions, which we have neglected, would be similar in

our case, at least, upstream of the body. Like all other authors dealing with

electronic probes, Chou, et al consider a stationary body and make no distinction

between the sheath and the "near field" regions. In our case, however1 this distinction

is essential if progress is to be made, since the problem is otherwise too difficult.

Previous work most interesting in connection with paragraph T of this report

is due to Kiel and Gustafson, (13) Pung and Ziering (1I) and Parker. (16) They

deal with the collislonless case, respectively, for a spherical probe, a fiat electrode

and a satellite vehicle presumably of arbitrary shape. The work of Parker is

intended to lead to computer solutions of the Vlasov and Poisson equations, and he

considers the electron motions in the presence of the local magnetic field. We shall

discuss the details of the Debye region problem in paragraph T but for the present, it

14



may be noted that the solution to the Vlasov equation for a given potential depends

on the analysis of the motion of a charge in that potential. It is for this reason that

previous research on this problem has been confined to spherically or cylindrically

symmetric potentials or to the one dimensional ease; these are the eases for which

integrals of the motion are easily derived. In our ease the potential is certainly

not spherically symmetric, and the work of Kiel and Gustafson, as well as that of

previous authors on the same problem is therefore not directly applicable, although

it is certainly of interest in revealing some of the difficulties.

The most useful reference is Pung and Zlering. They deal with a one dimen-

alonal problem of an infinite fiat electrode, the potential being a function only of the

coordinate normal to the surface. They take account of the various possible surface

interactions by writing separate electron and ion distribution functions for each type

of interaction and by treating separately the "trapped" and "free*' particles moving

in the potential field. Their solution to the one dimensional Poisson equation yields

the potential distribution in terms of the various parameters of the surface inter-

action. With certain modifications their method is applicable to our problem at the

upstream side of the body. We have here, for a conducting body, a Debye region

very thtn compared with the radius of curvature of the surface, and consequently

an electric field in the region which must be nearly normal to the surface. Difficulties

arise in attempting to match conditions at the edge of this thin layer with our

approximate solution for region B. In the latter there Is a small tangential component

of field. We have attempted to generalize the method of Pung and Ziering to account

for such a component; but the slightest departure from the strictly one dimensional

case immediately leads to great difficulties in dealing with the equations of motion of

an electron in the field, and we have not succeeded tn making progress along these

lines. We have confined ourselves, therefore, to suggesting an extension of the work

of Pung and Ziering to take account of auisotropie electron distributions at the edge

of the sheath upstream of the body.

There appears to have been no previous work on an extensive, highly rarefied

Debye region such as arises downstream of a satellite surface. Alpert, Gurevich

and Pitaevskt have suggested that the plasma charge density here be neglected

altogether, so that the field would be due to the electrostatic potential of the surface
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only. We have modified this field so as to pass smoothly to the field of region B'

and also put forward a scheme whereby the effect of space charge density can be

accounted for to a first order.

2. THEORETICAL FOUNDATIONS

We shall write the Boltzmann or Vlassov equations in a coordinate frame

fixed in the body. Since we are interested only in stationary phenomena, the dis-

tribution function of species j, say, is independent of time. Then,

f. 5f. 5f.

v __l.r+ e C _c0+l _ --L- = (_-_L-t) +A (r,v_)6_ -- " xH j (z-r) (I)
- mj _ - - roll

The second term on the right hand side is given in thisform by Alpert,

Gurevich and Pitaevski. Itsignifiesthe rate of change of number density of part-

iclesat r_with velocity_ v_+dvdue to interactionsat the surface r =r s-

5 (r-r.s)is the deltafunction. The boundary conditions at the surface may be

given in terms ofthe probability w. (v_,v', r) thata particle of species j, im-

pingingwith velocityv on point_ of the surface will be reflectedwith velocity

v'. Thus, for specular reflection,for example,

w(v_,Z',_rs) = 6 (v'-v+2 (y.n) n)

which expresses the conditionthatthe probabilityis unity ffthe normal component of v'

is minus the normal component of v_, and zero otherwise. Other cases of this

type are tabulatedby Alpert, et al, who also derive the corresponding functions

A (r, v) from these surface interaction probabilities. We shall, however, not

pursue this formulation of the boundary conditions further, since they play little

par_ in our analysis. A further condition which has tobe satisfied, for steady

conditions is that the net current flowing into the surface shall be zero. Then,

Zj e.j ._ f.j (_-s' v_) (y_.n) d_v = Z e.j _ f.j (V_rs) (y_*n_.)dr_ (2)v__*n< o j v_..n> o

16



When there is thermionic or photoelectric emission from the surface suitable

terms must be added, But we shall not take these into account, since they are not

very significant at the altitudes we shall consider,

Where

The potential distribution is g_ven by the Poisson equation:

V 2
=-4rr e (hi-n) (3)

oo

nj (r_.)= ._ fj (r, v__)dv

Equations (1) and (3), with the surface conditions at the body and the (given) functions

fi' fe and _ far from the body are theoretically sufficent for the soultion of the

problem. Equation (2) is the condition which yields the value of the surface potentials.

Physically, what this means is that a neutral surface has different affinities for

electrons and ions, so that a surface potential (usually negative) is built up until

the net current falls to zero. This latter equation is written here for a dielectric

surface. When the surface is a conductor it is not necessary that the current density

at the surface be zero; the proper condition then is that the total current flowing into

the vehicle be zero, i.e., the above relation has to be integrated over the surface.

Finally, we note that in the absence of an ambient electric field the undisturbed

distribution functions are Maxwellian:

fj =n. ( mj ) exp - (3..+V) 2
J 2TTkTj 2kTj -

This condition has to be modified somewhat when an ambient field is present,

as we shall see.

Ge THE UNDISTURBED IONOSPHERE AND THE SURFACE POTENTIAL

i. The Far Field - Region A

If the undisturbed plasma far from the body supports an electric as well

as a magnetic field, it is clear that collisions cannot be altogether neglected. *

• The energy imparted to electrons must be dissipated in collisions and the
momentum randomized.
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Otherwiseelectrons wouldbe acceleratedindefinitely andthe only steadystate would
be that where sufficient electrons havebeenattracted to the highpotential region to

cancelout the field. This is clear whenwewrite downthe (exact)solution to the

Vlasov equationfor a uniform field, viz:
3/2

m
e '

e._ fm = n (_e)f = exp (l_e) (2); where fm oo

is the Maxwellian and n e = n exp (e _/kT e) is the local electron density.

_= -E k.r
00 N m

2

f mv
e--

exp t- 2kT e

for a uniform field, we get infinite electron densities as

Since

r -.,oo.

To take collisions into account, we write the Boltzmann equation (in the

frame in which the satellite is at rest):

5f e _ 5¢ 1L(f)=x C ¢z+V)x_H

(see Bhatnager, Gross and Krook, (19)) where

frequency, and

v is the mean electron collision

(4)

f' =n' f =exp _e (_+ E k.r)_ fo o m _ - -- m
(5)

Here
3/2 m 2

me ) exp ( e (y_+V) _fm n ( 2 _ kT e 2kT e

is the Maxwellian with respect to our moving frame. Note that when f--f'o then

['fdv= _rf' dv=n'J - o - o
and the collision term in Equation (4) is zero. We now

write:

f=f' + fl0
(6)

whereupon Equation (4) becomes:
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_fl e

n' 0

(7)

The first term contains terms in fl which are of smaller order; and since

we anticipate that fl is not only small but also anisotropic in v, we have that

fl dv = 0. Since the mean electron velocity is much greater than V, the term

V_ _ _ / 5 r << E k.v in the mean_ except near the body where the induced

electric fields are large. We are not concerned here with this region so that the
°

term in V may be neglected. We then have:
i

[ eE ]k.v (8)f:exp e (_+E r,k) 1 kT e_ _ _

This distribution function requires some explanation. We note that:

f-. exp(e_/kTe) fm as E -. 0

eE

and f-" fm 1- k_,v -as r -_ o_
e

The latterlimitarises since the undisturbed potentialis thatof a uniform

ambient field _ =-E k-r. It is clear now why we },ave chose the particular form

of the distribution function given by Equations (5) and (6). When E disappears

we recover the equilibirum distribution function corresponding to the "barometric

density" formula ne -exp ( e t_/kTe). Thus f is simply a function of the total

energy (Hamiltonian) of the electron, viz. S e _ - 1/2 r_e ( v + V)2/ On the other

hand, when the influence of the body is removed as we pass to r -,_ _, we have a

Maxwellian with an anisotropy in the direction of the ambient field. This is the usual

solution for a spatially homoge)eous plasma supporting a weak field.
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be simply"

In the absence of the influence of a surface, the electron density would

ne=exp (_+E k.r)

i.e., it is a function only of the "induced potential".

2. Potential of the Surface

Using the distribution function (Equation 7), we can arrive at an

approximate value for the potential. Consider an element of surface, with normal _n

in our coordinate system, and of properties such that the mean reflection factors

(averaged over all velocities and directions of impact) are R i and Re for ions and

electrons respectively. Let:

"R = (1-Ri)/ (1-Re) (9)

be the ratio of absorptivity of ions and electrons by the surface.

the condition:

We have to satisfy

(I0)

The ion current may be computed without reference to the electric field,

and retains a Maxwellian distribution function. In these circumstances the ion

current is given by the same expression as that for neutral particles with the same

reflection factor. This can be sho_n to be:

1 [ 1 yn23# = -- + -- e -

Ji n (V-n_) 1+erf

where

m. 1/2 m. 1/2
= 1

Yn (2_.) _V.n = (_--) Bn (whenT i=Te)
1 e

(12)

The electron current to the surface is given by
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n, Je = ,r nDdr_
- ...v,n

where f is givenby Equation (8) butwith E (k , .v) replaced by:

kov '_ ' V
E°° - - - b-_ -

i.e., we revert to the step before the assumption (V I" b_ / b r) << E o[k,v ) was

made. We shalllaterreintroduce thisassumption, at a point where itsconsequences

become clearer. In using Equation (8)we have neglected any influenceof the

surface on f; the distributionfunctionfor n.v < 0 is taken topersist right upto

the surface. On the other hand, for receding particles (noy > 0) the distribution

functionmust obviouslybe truncated,and may even be zero at the surface iftotal

absorption take_iplace. However, we are not dealing with thispart of the distribution

function. Our assumption is eqaivalentto neglectingthe term Ae(r I v ) 6 (r -rs)

in Equation (I)for the halfphase-space v._n < 0.

The electron current is then:

_ eE v3• e(¢+Eoor'k-)} + e 8_ • V) _fm(Y_.n_)dv kTe_ Ifm (Z,n)(y_.k_)d (13)3e" n=exp kT e _'e _ 5r - -

v.n< o v.n< o

After performing the required integrations, we find the condition giving the surface

potential _ s'

e 8._) eE 2
k_ br/ .... _-- ) (--e n +erfUrt+l) -exp kT e (I+ V + V.k 1 - 8

e - s e rr8 n

eE 1 (crf 8n+l)(y.°n_) (/!'_ I_ [ --!--I _¥2 i'7
+kTe_ 2 = o n -t'orl' yn-_

. 28 n L{_¥ n
.3

Note that we have assumed that the electron and ion temperatures are

equal (T i = T = T). This expression is valid locally for a satellite body which is

dielectric. For conductors the electron and ion currents must be integrated over the

surface.
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Our methodhere hasbeenbasedon the assumptions that in the region of

the ionosphere in which we are interested the mean thermal velocity of electrons is

much greater than, and the mean thermal velocity of ions much less than, the

satellite velocity. Thus Y n >> 1 >> 8 n' unless the vector V lies nearly in the

body surface tangent plane ( V, n = V cos 8 say).

becomes:

exp ( e(_s + Eco r_s" k_) e _

The above expression now

eEoo

(1 e _-_ "V__ J 2frr R_n

or to a first order in E or (_ /Br)s:

e_s e (_$s_ eEco

The term _ r_ {2 rr R 8 n ) here is precisely that given by Alpert,

Gurevich and Pitaevsld for the case without ambient electric field. The second term

can be seen to be a correction which arises since the solution to the Boltzmann equation

in the limit E -_" 0 is exp (e_/kT) f only to order [V[/v We- _ m - e mean"

have already discussed ft, is approximation above. The third term g-ives the effect,

to a first order, of the ambient field E on the surface potential. The term

containing ( 5 _ / 5 r)s (which is the field at the body surface) may be of the

same order as the third term or larger; it is certainly larger than the first and second

items in the third term. We neglect it nonetheless, however, because the logaritlunic

term predominates, and we are interested only in the increment in potential due

specifically to Eo, , and not in increments due to other effects or corrections. We

can now write:

e_s y(2frr 1_8n)-1_1 + eEc° (u(r.k) + V.k +(V,n_)(n-k)2-'_-_ ._---In kTu -- - -
n
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The term _(.r s • k) arises from the integTal of the undisturbed potential

gradient from the origin of coordinates (the center of the satellite, say) to the surface

point. This term is usually negligible, since typically _ ( _s ) /V _ 0 (10-1),

except for very large satellites or very low trajectories. (Actually, this term is of

interest only if we wish to compare potentials, say, at opposite ends of the body).

Finally, if we assign unit vectors i and p tO the free stream direction and the point
w

on the body respectively, so that V = i V, ..rs =p r s , then:

=- (14)
2/. %o(L.nD J

where S = (meV2/2kT) I/2 is'the "speed ratio"of the undisturbed plasma. It

should be pointed out again thatthisresultfailswhen i,n _ 0; otherwise itgives
_.

the dependence of the effectof the electricfield E on the various angles involved.

The dominant effectis normally thatofthe lastterm, since S is small, which

illustrates that the effect is greatest when the electric field is normal to the surface.

The result given here is to be regarded as illustrative only; it does not

apply, for example, at the back of the body, even for i • n not small, since the
m

approximation e t'f y n_l made above is valid only upstream of the body. At the

downstream side (eVfYn+l) ---_0 as 7n---_ co, so that the next term in the

asymptatic expansion of e_'f 7n would have to be retained, and the calculation

modified accordingly.

3. The Potential for Conducting Bodies

The result of Equation (14) applies locally to the surface of a dielectric

body. If the vehicle body is a conductor, we have to satisfy the condition in Equation (1).

Equation (13) becomes, after the integrations are carried out:

n'Je E 2 e rs.k)) ]-- ena)(V._n) exp (- _( @s +Eca

e ('_'_.V) - 1 -0n 2 1]
Lf--_n +erf On+

eE

I-0n
e
"_n

n
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It is this expression, together with the corresponding expression for the

ion current (11) which lead to our previous result (14). For a conductor these

expressions must be integrated over the vehicle surface. Since we are not concerned

here with any particular surface, there is no point in carrying matters further at

this stage. We may note that this integration would be quite straight forward for

simple surfaces such as spheres; for more complicated shapes the integration would

have to be done numerically.

It should again be stressed that the surface potential obtained in the above

manner must be regarded as an approximation. A more detailed calculation would

have to include an account of the influence of the surface interactions on the motion

of electrons in the Debye region. We shall return to this subject in Paragraph I.

H. THE NEAR FIE IX)- REGION B

1. The Approximate Potential Without Magnetic Field

In this section we shall deal with the induced electric field in regions B

and B', which are outside the Debye region and in which the space charge density

is small (Ne/N i - 1 << 1). Neglecting the influence of the surface, the local electron

density is given by the integral of Equation (7) over the whole of the velocity space.

The Poisson equation becomes:

V2_ =-4rT enoo_ ni(r-) exp { e _J
n _-_ (_+E _r.k)

The term E (.r• k_ is the only modification required to the analysis of Alpert,

Gurevich and Pimevski of the problem without ambient field. Now, since

2(E . = . k --* -. . . "V (r. _) 0 and (_+Eoor...) 0 as ___o it is clear that the introduction

of Eo0 into the problem affects only the boundary condition at the surface, which is

+ E r • k) = 0. In other words, apart from this condition, our solutionnow (_ s _ -s

for _ is simply - E_r . k) plus the solution which would have been obtained to the

problem when E = 0. We shall see, moreover, that the effect of the surface

condition on _ is of second order; therefore to a first order, the induced electric

field is unaffected by Eoo, and the total field is simply the sum of the original induced

field plus the (new) ambient field. This being the case, we shall be able to make use

of the results obtained previously by Alpert, et al, some of which are of direct

interest to us here.
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_r

If we normalize the Poisson equation, we have

e_ d 2 ni(;j fE .rk e_ "7

(where the Laplacian has been normalized with respect to d, the body dimension), and

d/8 ® >> 1, as we have seen in Section C. The solution may therefore be written as

an expansion in powers of (6 _/d )2:

E r.k n 8

k--T= kT + In (nq'-_) + O (-_ )

The terms

8

(T)

Thus the condition on

terms of order (_ Jd) 2,

O (8 /d) 2, can be seen by iteration to be approximately:

2 V 21n (n_/n i (r_)

(n i (.r)/n)

to be imposed on the surface enters the calculation only in

and since we shall in any case not attempt to apply the

present method near the body surface, the potential distribution will be taken to

be simply:

n

= -E (r..k) + k.Te In (n_) (15)

where n i [ r ) is the ion density calculated by the methods of kinetic theory, without

reference to the magnetic and electric fields. Then, since we can always take the

ion density to be the sum of the ambient density and the density of reflected ions:

(n i = n + ni(r_ (r)) , we have:

E = E kT 1 V + ni, (/J) (16)- -= e ni(;j (n r

We shall now give several results for the ion distribution and evaluate the corresponding

potential distribution. First, however, we shall consider methods for the evaluation of

the function n i (r ).
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2. The Ion Density Distribution

Since the influence of the magnetic field is neglected, and the kinetic

energy of ions is much greater than their thermal energy, we may assume tllat the

particles move in straight lines. To find the density of reflected ions, we may use

geometrical methods. We shall illustrate here how such a calculation may be carried

out for the case of specular reflection for a body of arbitrary shape. It should be

stressed that these remarks are intended to be an illustration only; the actual

calculation may be quite complicated, depending on the shape of the l_ody, and may have

to be done numerically. Obviously, very simple geometries can be done analytically.

_'_:_'Q Let O be the center of coordinates

_k_/__I"___X and p the vector from O toapointP on the surface, n is the surface

normal unit vector and dS is an element

of surface at P. Associated with dS

are two principal radii of curvature

c 1 and c2, say, and since th_ shape

of the body is known, we may write:

n--__(p);Cl=C I (P);_c2=c2 (is)

We consider the density at the target Q of particles originating at Q'

and reflected specularly at P. Note that the density of particlea at Q is:

n i (r) = n + n r (r)
co i,r

where v is the position vector of Q; i.e., the density is simply the ambient density

plus the density of reflected particles, ni, r (r). This applies only, of course, ff Q

is completely unshielded by the body.

PQ

Since we are dealing with specular reflections, the velocity of particles in

is given by:

v=(v'+__V) -2 (v'+_V) • n_ n

The velocity in the Q'P direction is:

_,+v) • ft., -_) / I_-._l
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If we denote this by u', and the two transverse components by v' and w', then:

dG' = dvldwl/u 2

is the solid angle of the approach cone to P. The element of area at Q, through

which all particles incident at P and originating at Q' must pass, may be written:

dAQ = dAQ_, p, dS,d_ I)

It should he noted that _AQ cannot, in general, be expressed in terms of a solid

angle, since the envelope, of reflected trajectories need not converge at a point.

(Consider, for example, the case of a cylindrical surface). Now, if fv, say is the

(uniform) distribution of incident particles, then the number of particles scattered

toward Q, with velocities in the range v', dr' , w', dw', is proportional to their

densiby at P, which is dv' dw' _ f' (u',v', w') du'. The density at Q is

therefore:

dS r- p

dv'dw'2 f'(u"v"wl)du' dAQ [r_---fi

But, dv'dw'=u '2 dfl' and dfl'= dSg(_r'), where g is a function of the

geometry. We may therefore write the density at Q:

r_-2 dS

nir _ =s!rface uL f'(u', v i, w')du' _ C _ ) u'2 g(P' r_)dS

where u' = (v'÷ V) * (r' - p)/ Jr '- p J . The integrationis over one velocity

component and over the surface area ofthe body; care has to be taken thatpoints on

the body for which the vector r - p cuts the surface are excluded from the integration.

As we have pointed out above, such an integrationwould have to be

carried out by computing in allbut the simplest cases. The resultwillbe an expression

for the ion density in terms of the vehiclevelocityand the ion temperature

m iV 2
(specifically the ratio 2kT----_ )" Since the effect of the thermal energy of ions

1

is expected to be small, Alpert, Gurevich, Pitaevski have omitted the random

motion altogether from these calculations, and have given a few expressions for
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ni, _r) for the case of a unidirectional stream of ions. In this case ni, r (r) is

a function only of the geometry of the surface.

3. Effect of the Geomagnetic Field on the Induced Potential

In an unbounded region the distribution function of ions (or electrons for

that matter) will not be influenced by the geomagnetic field provided this field is

sensibly uniform over distances of the order of the body dimension. Since this is

certainly the case upstream of the body, there is no need to modify our analysis

(Section 4) below for this region.

Downstream of the body the situation is more complicated. This region

is shaded so that ions with rectilinear or nearly rectilinear trajectories cannot

penetrate. When a magnetic field is present md the ion trajectories become spirals,

the penetration of this region is enhanced. This effect is obviously dependent on the

orientation and the strength of the magnetic field, as well as on the ion velocity and

temperature.

A general expression for the ion distribution function behind a body

of circular cross-section is given by Alpert, Gurevich, Pitaevski. As far as the

shading of the downstream region is concerned, it is sufficiently accurate to consider

only the cross-section, rather than the three-dimensional shape, of the body. The

integration of this distribution function requires computation in general, but for H

parallel or perpendicular to _V an analytical expression for ni (_) can be

obtained. It can be shown that the effect of H is greatest (i. e., it mostly facilitates

the penetration of ions) when H is parallel to V.

It is readily seen that if the thermal motion of ions is altogether neglected

then the ion density behind an obstacle must be periodic with period 2 _ V/w £

where w i is the ion Larmor frequency eH/m£c. The effect of ion temperature is

to reduce the amplitude or "smear out" this periodic distribution. We have attached

Figure 4, taken from Alpert, et al, as an illustration. The latter effect depends

on the value of vi mean/Vo, while the periodic density distribution is important

only over distances which are not small comp_red with the period. Finally, the body
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Figure 4:

j f

• v

Ion Concentration on the Downstream Axis of a Sphere

for li/a =1, (m i V/2kT) 1/2 = 8

dimension must be of the order of the Larmor radius 1i or larger for ions to be

shaded out over'distances of the order of several periods. The significant para-

meters in determining the effect of the spiral motion of ions due to H are

therefore v i mean/V, d/li, and z _ i/V, where z is a downstream distance.

In the region of the ionosphere in which we are interested w i _ 2xl02/soc'

1i _ ._ x 102 cm, and V _, 106 cm/sec. Thus, for a typical satellite vehicle

(see Section C):

Vimean /V O (10"1); d_ / 1i _ O(1) ; zwi /V- O(10 -1 )

whereas for the electric field meter

dr/1 i O (10- 2) ; zw i/V- O (10-3) •

We conclude therefore that the effect of H might be important if we are

interested in the electric fields induced by a vehicle, but negligible ff the disturbance

of ion density, and hence the induced potential, near the field meter is

considered.
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o Electric Field Upstream of the Body

V= V

A simple example of the methods

of Sections H 1 and H 2 is provided

by the potential in the upstream region

of a sphere. To avoid the complications

involved in carrying out the integration

of Equation (16) we again make the

simplifying assumption that the ion

thermal velocity can be neglected.

All ions then move in the negative z

direction, and only ions reflected

specularly from point (a cos ¢p ,

a sin _0} can be scattered toward

point(z, _.

It is easily shown that:

2zcos_0 +2ysin_0-y cosec _0 =a

The density of reflected ions can he shown to be: 2
n R.a 2 2

co 1 sin cp cos _.0
ni,r r(E)=ni {_)-n = 2 "

y 1 - -a sin30
Y

If this is inserted into Equation (15) the electric field can be calculated

at all points in the B region. As an example we take the point (z, o) on the

upstream axis, for which the required expression is very simple. We find:

_ kT__ _ Za -i)-2 _induced - In 1 + R i (2
and

4kTR.

Einduce d=E-E =i- - - ea -1)2 +Ri

The function Einduce d (Z) is plotted in Figures 5a, b, for R i = 0.5 and T = 1000°K.
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It can be seen that the field decreases rapidly with upstream distances from the body.

One body radius upstream of the stagnation point Einduce d is less than 0.01 volts/

meter. The data of Figures 5a, b, should, of course,not be used for z/a _ 1 since

the above methods are inapplicable in the Debye region.

5. Electric Field Downstream of the Body

We shall present, in this section, a simple example of the electric fields

to be expected downstream of a body in region B'. Although the approximate

estimates derived below can be applied to any body, what we have in mind specifically

is a component of the electric field meter itself, for example, the collector plate.

We wish to estimate the induced electric field in the path of the electron beam when

this is downstream of the plate.

In the region [ ?'J :_ O ( d2 V 2 rr m i / 8 kT) 1/2, where (rr mi/8 kT) 1/2

is the thermal velocity of ions, the ion density, which is very low just behind the

body, will have risen to approximately its ambient value. We can therefore write:

ni r(r.)=n_+5 nl(.r )

where 5 ni ( r ) is the decrement of ion density due to shielding. The potential now

becomes, from Equation (15))since &ni ( r ) < < no,

¢=- E®r.k + kT 5n.
-- -- e n

The ions behave almost like a moncenergetic stream so that the density of reflected

ions in the downstream region is very low and may be neglected. For an obstacle

of cross-sectional area S perpendicular to V it can be shown that

n Sm'V2 exp _" m'V2 x2+y2 _
co 1-- (. 1--6n i(_) =- 2rr kTz 2 "_ z 2

where x,y,z are Cartesian coordinates, with z in the downstream direction. Thus,

S m.V 2 m. V 2

{ '-
2_ ez 2 exp 2- - 2kT z
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As anexamplewe consider the caseof a plate of area A, the normal to which makes

an angle e to the free stream direction. The electric fields may be calculated from

Equations (1) and (2). If these are resolved into directions paraUel (1]) and

perpendicular ( _ ) to the plate, we obtain with S = A cos e, and on y = 0,

e

-

,.=,=m=== [ }- sect exp - ------ tan 21
E_ induced u e _ 3 m e me

21eTA miSl I (mi$1 I _ miSl- ------- sece tanI sec 2%-1 exp -_tan 2 8
Eli induced rr e _ 3 m e me me

These results are illustrated in Figure 5b. If we regard the plate A as an

electron beam collector plate, the fiel d E_ would have no influence on the beam

deflection. The field E is transverse to the beam, and is applicable at

distances from the plate greater than the plate dimensions. The field is zero when

the plate is normal to the free stream (by symmetry) and increases with plate

deflection to a maximum value of about 0. 14/_ volts per meter, where _ is in

meters. For greater deflections the field decreases as the point at which it is
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evaluated moves out of the wake of the plate.

I. THE PLASMA SHEATH

1. Conditions at Upstream Surfaces

We have shown previously that the surface potential is given approxi-

mately by _s = kT e -1 In (2 _f'_'_RS ) and that the Debye shielding distance

is 6 = (SokT/ e2ne_)l/2= 6_ (Tc/ne_)1/2 meters near the3 front of the

body, where T e is in degrees K and ne_ is in number per meter. The

electric field in the Debye region is therefore of order 1.25x10 -6 (T e ne_ ) 1/2 In

(3.50 R S ) volts per meter. We shall now show that this field must be nearly

normal to the surface throughout an upstream Debye region.

Consider a spherical body, as illustrated in the figure in H-4.

shown that in region B the induced poten{ial is approximately

_(O)= _ k.T In (i+ _ )
e n

We have

where

value of R i the reflection coefficient.

2

R.a= 1

n 2
_ y

ni' r' (r) is the local density of reflected ions, and is dependent upon the

For a sphere we have shown that

for specular reflection.

• 2 2
sm _ cos

1 - a_ sin 3
Y

The analysis of this section is carried out for specular reflection

only; the corresponding calculations may easily be done for diffuse reflection, with

similar results as far as the perpendicularity of the electric field is concerned,

but we include only one case in this report. The tangential component Ell of

the electric field is given by:

E = ni, r (.D E'
18

ni,(r_) + n

" ®IJo (-i,r
\ n

nimr (r-) [ kT 1 n

= - ni.r(_)+n_ L e- _r'-[ ni.r(_. _ e ®

(17)
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where

x= Irl Cos e; yffilrl sin e

2xcos_o+2ysln_o -y cosec _o =a

from our analysis of Section H. 2. Changing variables from J_ , 8

with

_"_" = by

to y, _ ,

(18)

we find, on substituting ni ,c(r) / n intoEquation (17)that

E'11 k_ =" sincpcoscp(1- _sin3_) _sin_ocos_o(asin3_0-2y)
Y

+

X

cos _o-x sin_o+ ycoso
2 sin 2

2 (cos2_ - sin _"

(19)

From this last equation and Equation(17) and (18) an expression for Ell

in terms of y, q), can be obtained. It is easily verified that Eli = 0 on {_l = a,

as it should be for a conducting body.

Consider now the point I __ 1 = a + 5 co ; 0 = _0 + ), , as shown in

Figure 3. Here 5 o_ < < a and is intended to denote the distance to the edge

of the D_bye region. We can now write, for the point in question

and

y' = (a + 5_o)sin ( ¢0 + ),) - a sin_o= y - Ys

._ aXcos_+6 sin_

x' = (a+6) cos(_+),)-acos_= x-x
s

-a), sin_ +_ cos
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where small quantities of order k 6 = have been neglected. Further since

yt = x v tan 2 _, we find after substitution into the above equations that

= ( 5 ®/a ) tan _ and hence that:

y'=2_ sin_0 ; x'=6= sect(cos 2_ -sin 2_] (20)

We nowsubstitute x=- x +x w ,s

and find after some algebra that

y=ys+y' into Equation (19) using Equation (20)

2

e 6 m cos 3-_o + 0

4

Now, in the conditions of interest to us, _ E _ in the Debye region is

certainly of order kT/e 6= or larger. And since from Equation (17)
!

Ell < 1/2 Eu we conclude that:

- o
This completes our proof that the electric field in the Debye region remains

normal to the surface throughout that region to terms of second order.

2. C_!culation of the Electric Field in an Upstream Debye Region

We have shown that the region is thin and that conditions within it may

be regarded as functions of the normal coordinate x only (see Figure 6 ).

Although our simple demonstration of the previous section dealt with a spherical

body, it is obvious that it would be equally applicable for any other body with a

local radius of curvature a, provided only that a > > 6 =, (i. e., we must deal

with a "smooth" body away from all excrescences, holes, cuts, etc. ).
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Consider then, a fiat surface at s (x=0)

(Figure 6 ) and the "edge" of the Debye

re_ion at x = 1. The energy of an

2)• electron is 1/2 m e (v2+ W + e where

¢=1/2m eu 2-e_. Here v, w

are the transverse velocity components

•f'_- and u is in the x direction. Since

conditions are independent of y and z
Q

in the Debye region, the Vlasov equation

reduces to:

u _f + e _ _--_f=0
•v.. m _x _ue

with the solution

f= f(v,w,e)

i.e., v, w, and ¢ are constants of the

motion of an electron. We may now

divide the electrons in O < x <

into the following classes:

Incoming particles with insufficient energy to reach the surface;

u<O; e <-e_

Incoming particles with energy sufficient to reach x = 0;

u < 0; e > --e

Outgoing particles which have suffered specular reflection, with
temperature characteristic of the plasma;

u>0; TfT
e

Receding particles diffusely reflected with temperatures character-
istic of the surface;

u> 0; T= T
s

Receding particles emitted from the surfacewith .temperatures
characteristic of the surface;

u > 0; T=T
S
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Similar categoriescouldbeestablishedfor ions, exceptthat since the
surfacepotential is usuallynegative, we shouldhaveto include "trapped particles,"

i. e°, reflected or emitted particles with insufficient energy to pass to infinity. Also,

the class (a) above would be empty, since all approaching tons must be attracted

to the surface. However, in our problem we need concern ourselves only with

electrons; as we have shown before, the kinetic energy of ions is too large for the

effect of the potential to be significant. We may assume, therefore, that the ion

distributions of re_ion B persist right up to the surface, so that ion densities in

the sheath are known.

We shall now make the following two additional assumptions:

a)

b)

Each class of electrons is separately subject to the Vlasov

equation and its (partial) distribution function is given by

fr --fr (v,w, e ); (r = a, b).

For the purposes of this illustration we may simplify matters

by neglecting Classes (c), (d), and (e); that is, we assume

complete absorption of electrons and no emission.

The distribution function at the edge of the Debye region is given by

Equation (7) viz:

m

2__Te ) _ e (_+E k)_ exp _ e, 2 2 2"_¢" eE "1
f(x=l)

_noo ( -- (u +v +w)_[1-kT----_ l_-__jexp _ rl° 2kTe e

- Before proceeding towherewehaveneglec_d V, since I_Vl<<IVe(_ean.
the next step, we must examine the term containing CE k. v). The direction

of the electric field E, that is k, may have arbitrary orientation with respect

to ihe surface normal vector n. The retention of this anisotropic term in the

Debye region in the same form as that which we developed for the disturbed re,on A

implies that the convective derivative ( df / dt) is negligible in re_ons B and C,

and that the distribution function therefore persists up to the surface (apart from

truncations due to surface interactions). We shall not attempt a rigorous justification
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of this assumption. But it can be seen to be reasonable when we consider that the

electron mean free path is of the order of 10 3 cm, to 10 5 cm, which is certainly

large compared to the vehicle dimension, and very large compared with the dimensions

of components of the field meter.

The component of E k. v containing u is E (k .n)u; the remaining

components, with v and w will make no contribution when we come to integrate

our distribution functions for the electron densities, (since e _.- dv = O )o

We shall therefore retain only this term. At x = 1, then,

m e 3/2 eS r l'k_ m e -_ -dkT e
f(x=l)= n (_e) exp { k'_e j exp {-2-_e (v2+w 2)._ e

(21)

eEoo (k.n)

(e + e i 1)
i- kT e

Equation (21)is the distributionfunction f (v, w, £ ) in the Debye region.

Since all distribution functions for this one dimensional case are of Maxwellian form

in the y and" z directions, we need deal only with the functions F (¢):

Fa,b f f fa,b e"c/kTe eE (n.o 2 ]
dvdw=C1, , ]_ 1 '_-e'e_ { m-:e(¢+eil)J .,.l

where C1, 2 are constants. Now for particles of class (a) we must have u < 0;

e < - e _s and e > - e_, the latter being the condition that the electrons have

sufficient energy to penetrate to x. (It may he noted that complications would arise

if the potential in the sheath were not monotonic; however, we do not expect this to

he the case). We may now write:

eE (.n.k_)_. 2 (¢ 1/2(e +et)e-e/kT e 7

where H (_£1_) is the Heaviside unit function, and similarly

eE (.nok) 2 1/2 "I

Fb(£)---C 2 H(-u)H(£ +el s)H (¢ +el)e "_/kT e [ i-., kTe_ _ee (¢ +el 1)} J
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We can now write down expressions for the density of particles of each class. After

a change of the variable of interaction from u to e and some rearrangement we have:

na(¢' _s' _ 1

C 1
= time ) _ (e +ei) de - mekTe_

-ei

-112 112

.I <+°°,><<+°°,>
,,-et

(22)

nb(t' l s' 41

C2

_1

1_= _T_ _1 eE (nok)7{e_e/kTel(e+ei)j,{o --= (2me) 2 - e +e_ ) _" de - mekTeV

-e_ s -e_ s
1

m N

(e +e<I>i) 2 de

(23)

The term exp (e E r S_ " k/kTe) is due to the undisturbed ambient

potential gradient (see Equation 21). The component perpendicular to the plate, that

is, (T%. k)ll _ E) = E_ is negligible. The remaining components depend on the
choice of center of coordir_ltes and the point on the surface in question.

where

eEr_. k et s

nea(x=l) = n(2_._e)e exp ( kTe_-) .f e- e/kTe

The quantities C1, C 2 are related to the total density at the

sheath of particles of each type

m e 1/2 eE rl.k

C1,2= nel, 2(x=l) (2_'_"Te j exp l kTe -)

ne a, b (x = 1) may be found from the distribution function at x = 1.

m 112 l- eE n.k

L i- kTe_

0

(_e(e.l-etl)i/2_ _2me (¢+etl)il/2 d+:.

edge of the

Thus,

(24)

and neb (x=l) is given by the same integral, but with limits - Ae_ s l/2<e < _. (It
should be noted that the subscript 1 appears in the factor ( e + _ _) " in

Equation (24), but not in Equations (22) and (23) since the former is to be evaluated

at the edge of the sheath only). Since Classes (a) and (b) contain all incoming
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electrons, we must have

nea(x=1)÷ neb(x=1)=n exp
(_ 1+E_-r I* k_) _ + mekTe)i/2kTe - _ (2rr .I

The term containing E on the right hand side of Equation (25) is the contribution

of the anisotropy to the particle density in the velocity half-space u < 0.

(25)

It remains to evaluate the integrals in Equation (22) and (23). The first

two integrals are simple, and turn out to be products of exponentials and error

functions. The latter two integrals (from the anisotropic parts) appear, unfortunately,

not to be expressible in terms of tabulated functions and should be computed. Since

we have had no occasion to carry out such a computation, this section must remain

incomplete. "(The required integrals can be expressed as a one parameter family

of functions).

The outline of the solution is however clear. We have to solve:

' ' _1 ) (x)=4rr e nea'(_ _s' _1 ) +neb(_ _s

where n i (x) is the known ion distribution obtained from kinematic considerations

only, and nea , neb are given by Equations (22) and (23) in the functional form

indicated. The potential _2 is a known result of the analysis for region B.

The Debye region solution _ (x) is therefore dependent on the choice of 1 for the

edge of the Debye region. This, however, is arbitrary, and this fact constitutes

one of the principal difficulties of this kind of analysis. It appears that some

additional condition must be introduced, and although this question has received a

good deal of attention in the literature, it is at present unclear what this condition

should be.

3. The Downstream Debye Region

Downstream of the body ions are strongly shaded, and their density

must decrease sharply as the surface of the body is approached. If the effect of

the magnetic field is neglected it is rather easy to appreciate this physically and
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calculatethe iondensity. As we haveshown, field H has the effect of facilitating

the penetration of ions into the region behind the obstruction, the effect being greatest

when H is parallel to V. Here again the significant parameters are li/d b _ 0 (1)

(or 1i/df _ 0 (102) and z w i/V where z, the downstream dimension should be

interpreted now as 6 ®. Since 6 c0i/V - 0 (10 -4) we conclude that the effect of

H may be neglected. The ion density in the downstream Debye region can in fact be

" db2) whichshown to be 0 ( n.. 6 2/ is certainly very small, or in the case of field

meter components, 0 ( n 62/df 2) which is small enough, unless we are dealing

with very small items.

It can also be seen that the electron density must be larger, but of the

same order as the ion density, since electrons are rejected by the high negative

potentials in this region. Now, the normalized Poisson Equation has the term

(db/6 co )2 ( ni _ no)/n on the right hand side (Equation 15) so that the charge

density is the difference of two quantities both of the order of unity. The Laplacian

therefore dominates the equation.

A suitable procedure for very low ni , ne would therefore be precisely

the reverse of the analysis of Section H. There we found the potential, to a first

order, by equating the electron and ion densities, the Laplacian making a negligible

contribution. In the downstream Debye region, we obtain a first approximation to

the potential from the Laplace equation, and treat the effect of charge density as

a perturbation. Now,

e_ db 2 _ni(_) 1 .ff dv_V 2 {- = n n e -

bf bf
e e b_ e

v_" + .... 0_ m _r bv

In this Poisson equation V _aas again been normalized with respect to db; the right

hand side is therefore O (1), whereas the Laplacian is O ( _ ), that is

O ( In (5 ._/db) ). We are justified therefore in expanding as follows:
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d b 2
= _ (o) + (.y._) _ (i) + o

CO

).f=f(o)+ 1_) f(1)+o
oo

db 4

db

On substitution into the above, we obtain:

V 2_ (o)= o

_f(o)+ _ _(o) _f(0)
z m --0

_ ni (_.)

f(1) e _(o) _f(1) _ (i) bf(°)

The zeroth order potential is a solution to the Laplace equation with

mixed boundary conditions, Joe., we know"the surface potential and the electric

field outside the Debye region. The solution to the zeroth order Vlasov equation

is f=f(am )' m= 1,2, ..... 6 where _m'S are constants of the motion of

an electron in the field _ (0) . If these constants can be found, we can also find

the next approximation to the potential _ (1), which is the first order correction

for the effect of space charge.

This, then, is a procedure which is suitable for the downstream region.

Whether this method, when carried out numerically, would be simpler than a

numerical solution of the Poisson and Vlasov equations, such as that of Parker,

depends on the geometry and details of the problem. It would certainly reduce

the numerical complexities if the geometry were such that _ (0) , the Laplace

equation solution, could be written down immediately. If that were possible, the

problem would be reduced from the solution of two simultaneous partial differential

equations to the solution of the Vlasov equation only with a known potential.
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Now,the zerothorder potential canbewritten downif the boundaries(at
the surface andat the Junctionwith region B') fall into a coordinateclass for

which the solution to Laplace's equation is given by one or other of the tabulated

harmonic functions. Where the geometry is such that a two dimensional approximation

is possible (end effects ignorable) then the theory of complex analytic functions may

be used.

The next step, however, the solution of the Vlasov equation, or the

determination of the constants of the motion, can rarely be carried out analytically.

One would write down the Hamiltontan for the electron, and then seek a suitable

canonical transformation (see, for example, Northrop). _15)" In practice this is

usually successful only in trivial cases, for which the constants of the motion are

known in any case. It is for this reason, of cuurse, that attempts at this problem,

for electrostatic probes or electrodes, are always confined to one-dimensional or

spherically symmetric cases. Since the potential distribution in our downstream

Debye region will certainly not be spherically symmetric, it appears that in our

case the function _ (1) could only be evaluated numerically.

Alpert, Gurevich and Pitaevski consider only the electrostatic potential

(0) in their comments on the downstream problem, no doubt for the reasons given

above. In the following section we shall also confine ourselves to _ (0), but not

for the vehicle Debye region. It would be rather pointless to attempt to construct

potentials for a body the shape of which is not yet known. Rather, we shall consider

the electron beam field meter itself; the shape of the components of this instrument

are simple plates. Furthermore, the results are of considerable importance in

evaluating the response of the field meter.

4. Potential in the Downstream Region due to an Ambient Field

The potential distribution in the downstream Debye region has to satisfy

several conditions. First, it must conform to the surface potential which is fixed

by the condition that the total current into the surface is zero for equilibrium.

Since the particle concentration in the downsJream region is very low, it is a good
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approximationto calculate the potentialfrom the current flowing into the upstream

part of the surface only. An approximatemethod for this purpose has been given

in Section G-2. A more accurate estimation of the electzo n current would follow from

the method of Section I-2, assuming that the required integrals there are computed.

The second condition is that the potential match that is given by the expression in

Equation 15 for the induced potential in Region B' at the junction of the latter with

the Debye region. Finally, since, as we have shown in Section H-l, the potential

in region B' is approximately the sum of the induced potential and the potential of the

ambient field, we have to add a term which produces a uniform field outside the

Debye region. We then have:

_=_i + _e

and _ e satisfy the conditions:

i =0; {i_s )--{s; C°i. -no)o
a_B'

V 2_e=O ; _e_s)=o; V_er_=_E k
r_

We shall not attempt to solve the Laplace equation for the induced potential. The

methods are well known, but would in practice have to be numerical, except for very

simple surface shapes. One such example, for a sphere, has been given by Alpert,

Gurevich and Pitaevski, and it is reproduced in Figure 7.

V

/

A rapid method of estimating the order

of events in the downstream region is

the following: The region of maximum

rarification is that region bounded by the

rear surface of the body and tangents to

it making it an angle, t_n-lc_skT/rrl/2m'V_1/21_-

(wherewe used(8kT/ mi) as
the mean thermal velocity)with the free

stream direction. The downstream end

of this region is therefore of order
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Figure 7: EquipotentialsDownstreamo_a Conducting.Spherefor
¢_#-//_'r'--_ - o.5"otf_ C_'=,/_).. Values mdlcama
are in units of -e_/,/'_rP_ _T,./_)J. From Reference _.
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Figure 8: Field Intensity at the Surface of a Conducting
Sphere vs Angle from Upstream Direction.
From Reference 7.
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dfV _ rT mi/32 kT_ 1/2, behind the body. The ion density on the two tangents lines is

of the order 4 n 5_/df 2 and the potential is therefore approximately:

2k__Tin /_i ffi e

The region upstream of this potential contour may be regarded as the downstream

Debye region. The potential of the surface, however, is of the order kT/e and

therefore (numerically) an order of magnitude or more smaller than the potential on

the potential contour in question. Thus the electric field in the V direction is of

the order:

8kT 2kT ) 1/21n 25_ 26 ¢o
edfV (_ (d--f---/_0 [(lOdf) -1"In (d-_---) J

This field would apply on the axis, approximately. As can be seen in Figure 8

the field in the same direction near the edges of the body is greater. In the transverse

direction the field is of the order:

25

(dr-1 _ )
4 kT In ( 26 _/df)/edf ,-* O In df

These orders of magnitude should be applied with caution. They certainly apply only

when the normal to the rear surface is not at too great an angle to the freestream

direction.

The potential field _e due to the external field represents a considerably

simpler problem, and here the prospects for an analytical solution are good. We

shall give a simple example for a two-dimensional case.' This would be applicable

to field meter components or vehicle components such as long bodies, antennas or

rectangular collector plates of high aspect ratio.

We take Cartesian coordinates x, y, and write:

x = 1/2 a cos h _ cos 8 ; y = 1/2 a sin h _ sin 0

so that _, 0 are elliptic coordinates. Consider the complex potential:

F(_ +iO) = _ +iY
e -- Ee -1/2E® a e- i7 o-_ - iO

cos h (_+ iS)-e cos h(_ o+i7 )
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where _e and _ e are the potential function and the flow function, due to the

ambient field, respectively. The former is:

_,o-_e(_,e)=i/2 Ea cos 7cos8 (e cos h_o-COsh_)+sinysin8 (ea°_in h_o-sinh_ )

In this coordinate system the lines _ = constant are ellipses. We see that:

Ce -'_ 0 on _=_o

and _e =- 1/2E=a _cosy cos e cosh,_+siny sine sinh_

=-E (xcosy +y sin y)

The ellipse _ = N o may therefore be regarded as a body at zero potential. The

field at infinity is E® in a direction making an angle Y with thv major axis.

If we let _ o .--'_ 0 we have:

¢ e = 1/2 Eo_ a sin h _ cos (e - y)

This is the potential around a fiat plate of length 2a with a field E at infinity in

the direction y. The use of this coordinate system makes it possible, therefore,

to deal with fiat plates (such as collector plates) as well as bodies which can be

represented approximately by elliptical cross-sections. Potential distribution

around circular cross-sections can be represented approximately by selecting a

larger value of _ o"

For three dimensional problems we may here again make use of the

various tabulated harmonic functions for suitable geometrical boundaries.

J. CONCLUSIONS

We have investigatedvarious regions of interactionbetween the ionospheric

plasma and surfaces moving at satellite velocities. In its most general form the

problem involves the simultaneous solution of the Boltzmann and Poisson equations
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plus surfaceconditionsfor the impingmentof particles. To derive rapid methods
of estimation for the induced electric fields we have divided the problem into:

1) The Far Field,

2) The Near Field, without surface conditions,

and

3) The Debye Regions, upstream and downstream of the body.

Since no specific shape or property of surface ts given our work has bee_ of

an illustrative nature; the principle result being that we have assembled the methods

which can be used for suitable calculations when the problem is more completely

specified. However, the order of magnitude of the induced electric fields has been

estimated for the various regimes of interaction, so that some reasonably adequate

guidelines for the operation of the electron beam field meter and the interpretation

of the data can be given.

The following are our principle conclusions:

1) We have given an electron distribution function valid in the far field

and the near field. The effect of an ambient electric field due to

ionospheric phenomena Is to produce a small anisotropy in this

distribution function.

2) The effect of induced and ambient electric fields on the motion of

Ions can be neglected. With the exception of certain circumstances

in which a magnetic field can facilitate the penetration of ions into

the shaded region behind the obstacle, the effect of the geomagnetic

field on the motion of ions can also be neglected (as far as our present

interaction problem is concerned).

3) We have given a simple expression for the local potential of a dielectric

surface and indicated how the potential for a conducting surface ts to be

calculated when the shape of the surface has been specified. Our

expression is a function of the orientation of the velocity vector,

surface normal vector, and ambient electric field vector.
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4)

5)

6)

7)

The potential in the near field can be calculated, to a first order, from

the condition of local charge neutrality. The problem therefore reduces

to that of the kinematics and reflection of ions. We have put forward a

method for the calculation of the density of Ions reflected from the

upstream surface.

Two illustrations of the potential distribution in the near field region

have been given. The first applies to the regime upstream of a sphere.

We Imve shown that the induced fleld on the axis is of the order of

0.1 a -1 volts/meter (where a meter s is the radius of the sphere) near

the stagnation point (but outside the Debye region) and decays to

approximately 10°/0 of this value one body radius upstream of the

stagnation point. The parameters in this example are typical of those

expected in the E and F regions of the ionosphere. The details of

such a calculation become more complicated for other blunt shapes,

but the order of magnitude of the induced fields are expected to be

about the same.

Our second example for the near field concerns the region downstream

of an obstacle of arbitrary cross-sectional shape; a numerical example

is given for an inclined fiat plate typical of the electron beam gun

housing or collector plate. This region is more than one body dimension

downstream of the rear surface; upstream of it lies the Debye region

which is here of the order of one body dimension in extent. In our

example we have given expressions for the induced electric fields in the

directions parallel and perpendicular to the electron beam path.

As regards the upstream Debye region, which is less than c_ 1 cm

in depth, we have shown that the electric field in this regime remains

perpendicular to the surface accurate to quantities of the second order.

The problem of the upstream sheath can therefore be treated on a one

dimensional basis. We have adapted a method due to previous authors

to the case where the electron distribution function Is anisotropic at the

edge of the sheath. However, certain integrals arise which would have

to be computed numerically and this has not been done.
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8)

9)

Since ions are strongly shaded by the body, the downstream Debye

region presents an extremely difficult problem, which we have not

attempted. It can be shown however, that the solution to the Laplace

equation is a good approximation to the potential in this region. The

effect of space charge is of the second order. The boundary conditions

are mixed, since we ]mow the potential of the surface and the electric

field at the Junction of this Debye region and the downstream "near

field". Here again, no specific problem has been posed and we have

contented ourselves with an example of a region bounded by an inclined

two dimensional flat plate and a uniform electric field at infinity.

.As far as the operation of the electron beam field meter is concerned

(assuming that this is placed sufficiently far from the influence of the

carrier vehicle) we conclude that the effect of fields induced by the

components of the instrument would be most severe when the beam

path is nearly parallel to the direction of motion. In _is case a large

fraction of the beam path would lie in the wake of either the gun housing

or collector plate, in which region transverse electric fields of the

order of 10 to 100 volts/meter are to be expected. If the beam

trajectory is of the order Of 10 times the component dimension the

angle between beam path and velocity vector should be no less than

20". The effect of residual fields in the Debye region and the near

wake can then he estimated when the geometry is specified.
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SECTION III

INSTRUMENT DESIGN AND PERFORMANCE

A. CONCEPTS

There axe two major difficulties in measuring ionospheric electric fields by

deflection of an electron beam. The first is that the deflection is very small. The

second is that the earth magnetic field introduces a very large deflection. Figure 9

illustrates the sensitivities of the beam to both magnetic and electric fields. Note

that for a 300 volt beam a magnetic field of 1 gamma produces as much deflection as

an electric field of 11 mtUivolts/meter. Since the earth's field can be of the order

of 40, 000 gamma, a signal to noise ratio of 1/440, 000 must be overcome in order to

resolve one millivolt/meter.

Although it is conceivable that the magnetic field could be measured and the

correction applied by subtraction, it is apparent from the foregoing that such an

approach is not practical.

The means chosen to discriminate between the deflection due to magnetic versus

electric fields is to modulate the electric field in a precise manner, by alternately

creating and removing a Faraday shield around the beam. The magnetic field is un-

affected by this, while the electric field is modulated in a square-wave fashion. By

demodulating the output signal synchronously with the modulation, only the square-

wave signal is accepted. In order to accurately measure deflections without requirin_

an extremely accurate mosiac target or other such device, the closed loop beam center-

ing system is employed. A current collector target is divided into four segments as

shown in Figure 10. The currents collected in two opposing segments are balanced against

each other. The difference signal when amplified and applied as the voltage to an

appropriate pair of deflection plates is then a direct measure of the field induced beam

deflection. The component of this voltage which is synchronous with the chopper

represents the electric field while the steady state voltage represents the magnetic

field. It should also be noted that there is virtually no requirement on drift or d.o.
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offset of the amplifiers in the loop, or on mechanical or thermal stability. Any mis-

alignments in the gun-target arrangement will contribute to the d.c. deflection plate

voltage and will not affect the electric field reading.

B. COMPONENT DESCRIPTION

Figure II is a functional block diagram of the meter showing some of the

parameters of the loop. The conversion constants from electric and magnetic field

to deflection are based on a 500 volt beam. A realistic design goal for the accuracy

of this meter would be • lmv/m over a range of 10 mv/m to 100 mv/m and 1 or 2%

accuracy over a dynamic range of 100 mv/m to 1000 volts/meter. The upper limit

is determined by the • 100 volts llmitation of the readout equipment and power supplies.

A schematic of the equipment as breadboarded to date is shown in Figure 12. Figure 13

shows the field meter breadboard model. The gun is visible toward the bottom. The

differential current amplifiers A 1 for both axes are wrapped in the electrostatic shield

above the target. A somewhat more detailed description of each component follows.

1. Electron Gun and Beam

The electron gun design chosen for the electric field meter is the electro-

static lens, hairpin filament type. This design provides a rugged, reliable gun which

can provide an electron beam having a diameter of 1 mm or less: and focussed at

distances up to 25 cm for accelerating voltages between 300 - 500 volts.

The electron gun being used in the laboratory experimental unit is the

Superior Electronic Corporation, Type SE-2B, modified with a tungsten replaceable

filament.

The beam current at the target is I microampere at a pressure of 10-5torr.

The filament is operated space charge limited drawing 3.6 amperes at 3 volts.

The control grid, biased positively, and the focus electrode are adjusted

until the beam spot on the target plate has a maximum current density and is properly

focussed. The cathode is negative 500 volts with respect to the grounded final accelerating

anode. The filament is the cathode, and the acceleration potential is applied in a balanced

method across the hairpin filament. Both a.c. and d.c. filament power has been used.

Figure _4 illustrates the gun hookup.
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Figure 13: Field Meter Breadboard 
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The target presently used is made by depositing pure gold onto a fiat glass

suHace, Leads are attached by means of silver filled conducting epoxy and lamp black

is then deposited over the gold by holding the plate in a candle flame. The target is

Segmented into four isolated seefloflS by seribit_g with a sharp styluS_ A light dusting

Of optically active ZnS is applied all over the target expect for a 1/4 -inch diameter

_i]_cle centered on the tari_et center. This is for convenience in finding and focussing

the beam. The purpose of the carbon is to protect the gold from the beam energy, as

well as to give a somewhat lower secondary electron emission. One of the major

problems was found to be secondary emission. A suppressor grid located 1/4-inch in

front of the target plate and kept at a negative 90 volt potential with respect to the target

was found to suppress secondary electrons sufficiently to allow the loop to operate,

An open loop measurement on the breadboard showed that using the suppressor grid the

targetts conversion scale factor is 0.3 microamps per mm deflection Figure 15 shows

the target and suppressor.

3. Deflection Centering Loop

a. Amplifiers

The first section consists of a current comparator circuit using

an operational amplifier (A 1 in Figure 12 ). This circuit converts a current unbalance

signal to a voltage with low source impedance. The scale factor for this conversion is

equal to the value of the feedback and input resistance, 1.1 megohms, in this case. The

amplifier and resistor are located directly behind the target plate to minimize pickup

problems.

Operational amplifiers A2 and A3 provide a voltage gain of 1200

with a maximum linear output of ± 100 volts. Figure 16 gives the gain and phase

characteristics which are shaped to permit stable closed loop operation.

b. Feedback Attenuator and Output Scale Factor

T_he scale factor of the output is proportional to the reciprocal of

_enuati(m in the feedback l¢_ap wb_ sufficient forward gain is provided. The
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maximum scale factor is selected on the basis of the maximum d.c. output available

to balance the maximum deflection due to magnetic fields. With a ± 100 volt limit on the d. c.

output the ecale factor is ideally 47 _at the output of the detector-filter.
, mv/m

e. DeflectionPlates

The sensitivity of the deflection plates is approximately 2.4 mm/v

for each plate. When both plates are driven in push-pull fashion the gain is 5 mm/v.

4. Faraday Cage

Modulation of an electric field in an ionized medium as conceived for the

field meter has not yet been demonstrated in the laboratory. It is quite difficult to

simulate the properties of the ionosphere and indeed it is questionable whether an

adequate simulation is even feasible. For the breadboard tests to date a Faraday

screen was constructed, consisting of a pair of 1/2-inch mesh screens on each axis.

A voltage applied as a square wave across one axis produces a chopped field perpendicular

to the beam, (See paragraph E 3)

5. Detector and Filter

The deflection plate voltage is coupled through a high pass filter to the chopper.

The purpose of this is to suppress much of the flicker noise from the amplifiers. The

demodulator is a capacitor coupled type with SPST switch. The chopper presently used

is a standard Airpax series 600 which contains two synchronized poles in one package.

The other pole is used for field modulation. The filter section consists of two RC

sections. The high frequency response of the instrument is determined by this filter.

In this case the cut off is set at 1/2 cps primarily because of the high level of back-

ground line frequency interference which must be filtered out at this point.

6. Readout

The readout used in the laboratory testing is a John H. Fluke differential

a.c. - d.c. voltmeter, which is capable of resolving 0.1 mv d. c.
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C. ENVIRONMENT

1. Vacuum System

The electric field meter is placed within an 18 inch diameter bell Jar,

which is 30 inches in height. The vacuum system is a 4 inch oil diffusion pump,

Vactronic HVS4000 which is sustained through a mechanical pump, Welch 1397. A

liquid nitrogen cold trap is in the line to the beU Jar. Vacuum as low as 10"6 tort

is maintained in the beU Jar without the electron gun heated, and normal operation is

a 5 x 10 -6 torr with all systems of the meter operative. The pressure is measured

by an ionized pressure gauge C. E.C. Model GIC-110, within the bell Jar.

The experimental support structure was carefully designed to allow

trapped gas to escape from screw threads and low outgassing material was used.

2. Spurious Field Interference

No attempt was made to isolate the meter from background power line

interference. As a result the beam is subject to a.c. magnetic fields far in excess

of anything that can be expected in a space application. The filter used in the

laboratory has been selected to reduce this component of the output sufficiently so

that the d.c. signal of interest can be read out. For a mission-designed instrument

of course this filter will be redesigned. A side benefit of the pickup is that when it

appears at the amplifier output (before demodulation and filtering) it gives a good

visual indication that the beam is centered and focussed. Initial beam centering and

fine focussing is greatly facilitated by this and it may he desirable in the future to

provide a known a.c. field specifically for this purpose in calibration setups.

3. Mechanical Vibration and Isolation

It has not been found necessary to take any precautions against mechanical

vibration beyond the initial step of isolating the roughing pump from the chamber. This

was done by using a soft rubber tube which was solidly clamped to ground near its center.
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Do LABORATORY TEST PROCEDURE

To operate the field meter the following steps are followed:

1)

2)

3)

4)

Check vacuum: Pressure should be less than 10 -5 torr.

Bring filament voltage slowly up until filament current is 3 amperes. Wait

for pressure to rise and fall again. Bring filament current to 3.6 amperes.

Turn on gun voltages, amplifier power, and bias supplies.

If a beam has been previously centered and adjustments have not been

disturbed the beam is now operative. If initial adjustments are being

made the following steps are followed:

a) Disconnect deflection plates from amplifier output (both axes).

Ground deflection plates. Set initial voltages

Acceleration voltage = 500 v
Focus voltage = 12 0 v
Control grid voltage = +21 v
Suppressor grid voltage = - 90 v

b) Sweep X and Y deflection voltages systematically until spot is located.

c) Bring spot to a place on target where it can be seen clearly.

d) Trim focus and grid voltages to give well focussed spot, approximately

1 mm in diameter.

e) Bring spot to center of target.

f) Observe output of A 3 for both X and Y axes. Adjust X and Y focussing,

control grid, and centering controls to get maximum output from each

axis without saturation. Close looi) by re-connecting deflection plates

to A3 outputs. The loop is now operating, and the field may be applied.
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E. LABORATORYPERFORMANCE

Figure 17 shows the setup used for measuring the input-output character-

istics of the meter.

2. L()op Output Characteristics

The scale factor of the meter components were adjusted to agree with the

Block Diagram of Figure 11 and an input versus output run was made for the X axis.

Figure 18 shows the result. Because of various losses in the detection and filtering

the scale factor approximates 17 mY/meter instead of the ideal which is 47m etez'-"

3. Mesh Screening Tests

Tests were made to determine the shielding effectiveness of screens of

various mesh size. The design of the Faraday screen is dictated by two considerations.

It is required to provide effective electrostatic shielding but it is also necessary that

the screen interact with the local plasma as little as possible. The design approach

is to use an open mesh of fine wire. In order to determine the minirrmm spacing

required to give effective shielding, a series of tests of shielding effectiveness were

made. Shield boxes (1(_' x 10" x 12") simulating the Faraday cage were constructed

of various materials from 1-1/8 I' hexagonal mesh to solid aluminum foil. Probes

consisting of 2 aluminum foil plates 2" x 4" separated by 1-3/4" were placed in the

shield boxes. The entire assembly was placed between large aluminum sheets

(2-1/2 v x 2-1/2 t) which were connected across a 1 kc voltage source. It was found

that the 1/2" x 1/2" mesh provided 99% shielding effectiveness. The wire size is

immaterial with respect to shielding effectiveness and therefore can be made as fine

as structural considerations will allow. It is expected that wire approximating No. 35

strung on strt_ts of slightly larger cross section will be suitable. At a distance of

5 inches, the plasma disturbance caused by the wire is expevted to be insignificant,

as the plasma wake effect becomes negligible at 100 body radii (about 0.3 inch).
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SECTION IV

MISSION CONSIDERATIONS

A. MISSION CATEGORIES

The potential missions for which an electron beam deflection electric field meter

would provide the required information can be divided in two categories:

1) Engineering or Housekeeping

2) Scientific or Survey

These measurement missions were briefly mentioned in the introduction of this report

and are divided as follows:

lo Category I - Engineering or Housekeeping

a) Electric fields associated with charge particulate contaminant clouds

caused by the efflux of materials from a spacecraft. These clouds

present a potential hazard to optical and electromagnetic experiments

and observations required in performing the mission of the flight. (20)

b) Electric fields which are associated with the plasma sheath which

surrounds the spacecraft. These electric fields are associated with

the charge separation which occurs within the sheath, and correlate

with experiments modifying the sheath as well as the sheathts influence

upon experiments. (21 thru 23)

c) Large charged bodies moving within the magnetosphere experience

reaction force. Part of this force is caused by the charged body

moving through the ambient electric fields that exist within the iono-

sphere. This force can produce drag and moments on the charged

bodies. ( 24-36 )

d) In the lunar space environment, the ambient electron density and

particle density are extremely low. Thus, during the rendezvous

and docking of the Lunar Excursion Module with the orbiting
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spacecraft, electric fields may exist. The electric field survey of
the spacebetweenthesevehicleswouldprovide confidencethat no
hazardoussituation exists. (37)

. Category II - Scientific or Survey:

a) There is evidence both theoretical and measured that electric fields

exist within the ionosphere. The variation of these fields are

attributed to or are the cause of various phenomena observed within the

ionosphere and magnetosphere. A survey of this field as extensive

as the surveys of the magnetic field will provide the required infor-

mation to better understand the earthts environment, Surveys taken

on long duration missions covering different altitudes, light conditions,

seasons, and solar wind conditions will provide the basis for improved

models of magnet.sphere-solar wind interactions, auroral display,

red arc occurrence, and equatorial Jet phenomena. Space weather

predictions will also be aided, as well as providing another means

of observing nuclear explosions in space.

b) Specific sounding rocket measurements within or above auroral dis-

plays will provide correlation of the electric field measurements per-

formed by various electrostatic potential probes and barium vapor

cloud experiments.

B. MISSION CONCEPTS

The intrinsic values of the electron beam electric field meter are:

• Wide dynamic range (five orders of magnitude),

• Sensitive to weak fields (10 millivolts/meter field measured with a

sensitivity of * 1 millivolt/meter),

• Non-interaction sensing element (less than 1 microampere electron
beam).

These attributes permit the meter to be versatile, capable of performing the various

missions previously mentioned.
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With the exceptionof the sounding rocket experiments, all other missions could

be performed sequentially on a multipurpose spacecraft such as the AAP workshop,

The use of extensible boom and multiple meters will permit the performance of the

various experiments by the placement of the meters at the appropriate positions to

measure the associated electric fields.

1. Category I - Engineering or Housekeeping Misstons:

a. Charged Contaminant Cloud Electric Fields

One of the most serious problems that faces optical missions is the

generation of particulate clouds. The probability that these obscuring clouds are charged

due to photoemiesion or the efflux process is reasonably strong. Thus the measurement

of electric fields between the spacecraft and the clouds in the vicinity of optical ports

provide an indication of the formation of these charged clouds. The correlation of the

electric field measurements and the consequences of various avoidance and removal

techniques that will be developed to alleviate the contaminant problem provide a means

to develop and evaluate these techniques.

The electric field that will prevail between the spacecraft and the

cloud is dependent upon the relative difference of their charges, their respective

geometries, the distance between them and the conductivity of the media between them.

An estimate of the range of electric field from 10 millivolts/meter to 100 volts/meter

includes a wide variety of combinations of these parameters. The possible distance

over which the fields exist from Just outside the plasma sheath to within 5 body radii

from the spacecraft provides a measuring range that includes most of the possible

cloud-spacecraft geometries. Beyond this range, the cloud should diffuse sufficiently

so as not to represent an optical problem.

b. Sheath Interaction Electric Fields

The analysis presented in Section H of this report discusses the

electric fields associated with the plasma sheath surrounding the spacecraft. Fields

across this sheath vary from 1 volt/meter to 1000 volt/meter depending upon the

altitude of the vehicle within the ionosphere, the degree of photoemission, and the

position of the station at which the field measurement is being made relative to the
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velocity direction. Themeasurement of unperturbed sheath fields is necessary to

provide a basis to determine the additional fields due to charge contaminant cloud

formation.

In addition the plasma sheath is disturbed by the efflux of charged

particles from the surface and the performance of electromagnetic experiments aboard

the spacecraft. Finally, the plasma sheath can interfere with experiments being

conducted aboard.

The measurement of the electric fields on the surface and in the

near vicinity of the spacecraft provides data of the environmental field and its variation.

Correlation of these variations with the data obtained by the other experiments aboard

provides a better understanding of the phenomena they are observing.

c. Forces and Moments Due to Ionospheric Electric Fields

The observed decay rates of vehicles orbiting with the ionosphere do

not correlate well with density measurements. Residuals in the mean motion have been

equated to unlmown variations in the atmospheric density via the relatively well-quantified

aerc_lynamic forces. A charged body moving through an ambient electric field experiences

an electrodynamic force. This force can contribute to orbit decay and, when taken into

account as a perturbative influence, can lead to a reassessment of the inferred spatial

and temporal variations in ionospheric density. For example at an altitude of 1S 00 km

the aerodynamic force on a 1 meter radius sphere is about 10 -9 newtons, while the

electrodynamic force is of the same order of intensity.

Thus a mission designed to measure the electrodynamic force will

provide the first complete set of data from which electrodynamic drag may be directly

inferred. Future space programs will benefit by providing a more complete

specification of the force and moment environment.

The electrodynamic force requires the measurement of the ambient

electric field (E) and the surface electric field (Es). When the distortion from
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spherical symmetry of the plasmasheathis considered, the reaction force experienced
by a spherical body is:

= -2_ ¢ r2(_ S • _)_ Newtons

where:

r is the body radius in meters

ES is the surface electric field in volts/meter

n is the outward directed surface normal

E is the ambient ionospheric electric field in volts/meter

¢ is the electric permtttivity of the media in farads/meter

The performance of this mission requires a surface electric field

meter and an ambient electric field meter. The ambient electric field approximately

exists beyond a distance of 5 body radii from the spacecraft. The decay of the space-

craft electric field depends upon the ionospheric parameters and the geometry of the

spacecraft. In Section II of the report the decay of the electric field is discussed.

This choice of 5 body radii from mission flown between 200 km and 2000 km altitude,

assures degradation of spacecraft fields sufficiently below ambient field levels.

The range of electric field values are:

Surface Electric Field: from 1 volt/meter up to 1000 volts/meter

Ambient Ionospheric from 10 -2 volts/meter up to 1 volt/meter
Electric Fields:

The precision with which the electrodynamic force is determined

depends upon the number of surface field measuring stations that are used. Each

measurement results in a local reaction force; if sufficient measurements are made

around the spacrcraft, the integrated force acting upon the spacecraft can then be

determined.

d. Electric Fields During Rendezvous in a Lunar Environment

The differential charge build-up of an excursion module on the

lunar surface for periods up to two weeks in the sun, as compared to the orbiting

spacecraft which is alternately in the dark and light present a potential hazard during
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rendezvous. Sincethe environmentis of extremely low density, chargesdonot
redistribute rapidly. Thus excessivechargelocatedon the excursionmodule
may exist during rendezvous. An electric field monitor examining the space

between the two vehicles can warn of a potentially dangerous field which exists.

Shorting rods can then be applied to neutralize the charge difference permitting

the docking maneuver to proceed. The wide dynamic range of the meter permits

the observation of the build-up of the electric field over large distances, thus

allowing sufficient time to take corrective action.

2. Category II - Scientific or Survey Missions:

a. Ambient Electric Field Survey Within the Ionosphere

The electric field ambient within the ionosphere has been measured

to vary from less than 10 miUivolts/meter to slightly greater than 100 millivolts/meter.

The electric field is maximum perpendicular to the magnetic field lines due to the

tensor conductivity of the ionosphere, and is generally directed toward the equator.

The weak electric fields, the ionization of the environment: and

the apparent electric field due to the motion of the instrument through the magneto-

sphere have made measurements of these fields extremely difficult.

The design of the electron beam electric field meter considered

the sensitivity and plasma wake requirements as previously discussed, while the

apparent electric field is considered in the following sections with regard to the

demands placed upon the spacecraft attitude resolution requirements.

b. Sounding Rocket Exploration of Auroral Electric Fields

M_my experimenters have flown near vertical sounding rocket flights

in the auroral display regime with a variety of electric field measurement devices.

The choice of the vertical flight is the near cancellation of the apparent (_ x B) field

due to the motion through the magnetosphere. There is general correlation of the

range of intensity and direction of the electric field during an auroral display.

76



Theelectron beamfield meter wouldprovide measurements
which couldbe compared with those of many instruments and techniques that have

been used to examine the electric fields,

C. METER CONSTRAINTS

The use of the electron beam electric field meter within the ionosphere is re-

stricted by various environmental considerations. These constraints include the

following:

. Orientation of the meter to the flow field

• Location of electron beam relative to physical structures

. Meter measures two orthogonal field components

• Outgassing, secondary emission and photoemission influence on the
electron beam parameters

• EM I and RF I caused by the device or within the environment.

Thus a mission definition phase includes these constraints in the development

of a mission program.

1. Orientation of the Meter to the Flow Field:

In Section II of this technical report the analysis of the influence of the

flow field and plasma sheath upon the electric field being measured is discussed. The

significant aspect of this study was that the orientation of the meter must be such that

the electron beam is in a plane perpendicular to the flow field. An allowable variation

of • 30 ° from this position is computed, thereby reducing the attitude control require-

ment of the spacecraft to easily attainable limits.

This orientation assures that the wakes of the components of the meter do

not intersect the beam, thereby maintaining the ambient electric field intensity along

most of the path of the beam.
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2. Location of the Electron Beam Relative to Physical Structures:

The electron beam field meter should be located at least 5 body radii

from the spacecraft for ambient field measurements to assure that the electric

fields associated with the plasma sheath about the craft do not distort the ambient

field. However, when plasma sheath field measurements are being made the device

is located as close as possible to the surface of the spacecraft.

The Faraday cage which surrounds the electron beam is located 10 crrL

from the electron beam. The wire composing the cage is 0. 05 mm in radius. Thus

the beam is located in excess of 1000 wire radii away from the cage. Negligible

field distortion will result due to the introduction of the Faraday cage, providing

that the orientation of the device to the flow field is maintained.

3. Meter Measure Two Orthogonal Components of the Electric Field:

Since the forces produced by electric field components along the electron

beam do not produce beam deflection, the device responds to only two of the three

components of the electric field vector.

Thus to measure all three components of the electric field, two

possibilities exist:

(a) Use two meters, orthogonal to each other, and located in the

plane perpendicular to the flow field.

(b) Rotate the vehicle, using one meter which lies in the plane

perpendicular to the flow field.

The use of the two meters permits redundancy in the measurement of the

electric field component parallel to the flow field, thus permitting correlation of

readings.
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4. Outgassing, Secondary Emission _nd Photoemisston Effects:

During the mission various phenomena will change the ambient properties

of the ionosphere. Three of these are:

• Outgassing

• Secondary Emission

• Photoemission for surfaces.

Each of these must be considered to assure proper design of the meter

and interpretation of the measurement.

a. Outgassing

The efflux of waste material and gases will raise the ambient pressur e

in the vicinity of the vehicle• An electron beam traversing a region of increased

pressure will experience additional collisions. These collisions will cause an

attenuation of the beam electron density by scattering. Since the number of ion pairs

produced is directly related to the beam current, the use of a one microampere or less

beam assures that the number of ion pairs produced is not excessive for reasonable

pressure rises. It would be advantageous to raise the acceleration potential of the

electron gun, as this would also reduce the ions produced; however, as the beam

voltage rises, the beam is less sensitive to the electric field. A parametric study

indicated that an operation voltage between 300 -500 volts would optimize the device.

(1) Electron Beam Interaction with the Environment

The electron beam collides with gas particles along its path,

two results of these collisions are the reduction of beam current at the target and the

production of ions and electrons.

(a) Beam Current Reduction Due to Collisions

The electron beam must traverse up to 20 cm path

length through the environment. The reduction in beam current can be estimated as

a function of gas pressure, beam voltage, and path length.
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If we usume that ion focusing and space charge spread

are negligible, then the spatial rate of change of beam current along its path is given

by
dI

"d'i =- _j,I

or In -_o =-u_z.

The logarithmic decrement of beam current ( _ ) is given by (36)

7.4 x 109 cm2/gm
_= V

for diatomtc gases such as 02, N2. Where V is beam voltage in volts.

v(volts
(cm2/gm)

300

2.48 x 107

For the range of voltage of interest for the meter, U is

I I400 500 600 700

1.86 x 107 1.48 x 107 1.24 x 107 1.06 x 107

I
p ressure(mm of Hg) I

p (gm/cc) I

The gas density as a function of pressure at 300_ is

10 -4 I 10-5 10-6

2 x 10_i0 12 x 10 -11 2 x 10 -12

The percentage of beam current that reaches the

target located 20 cm from the electron source is shown in Table I.

Table I. Reduction in Beam Current Due to Scattering

__m ssure

m)

Voltage _

300

400

500

600

700

10 -4

80.0_

84. o%

87.1%

89.1%

91.2%

10 -5

97.7%

98.3%

98.6%

98.8%

99.1%

10 -6

99.7%

99.8%

99.9%

99.9%

100 %
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The temperatureof 300"Kwould representoutgassing
particles from a manned spacecraft. The space ambient temperatures would rise

up to 1400"K, this would further reduce the mass density corresponding to the local

pressure. Thus using 300_K provides the most severe beam attenuation for a given

pressure. Since it is doubtful that the ambient pressure would rise 2 or more

orders of magnitude, beam reduction due to scattering does not appear to be a

problem.

Environment Modifications Due to Electron Beam

and Gas Interaction

The electron beam willcollidewith the outgassing

particles and produce ions along itspath length. The number of ions produced by

the beam in a diatomic gas was found empiricallyto be (39)

where

I

P

V

N = 3.75 x 1023 I p ions/cm-sec.
V

is the beam current in amperes

is the ambient pressure in mm of Hg

is the beam voltage in volts.

The ion production rate per cm of path length,

assuming an ambient pressure of 10 -5 mm o_ Hg per microampere of beam current

is

Beam VoltageI

ivo s)I
N(#/cm-sec ] 300 ] 400 I 500 I 600 [ 700 I1.25x1010 9.3x109 7.5x109 6.25x109 5.3x109

These ion-electron pairs are produced along the electron

beam, and axe scattered to fill the volume. If we neglect loss rates such as recombin-

ation and attachments, the electron density in an arbitrary volume around the beam can

be estimated, providing we know the dispersion rate.
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Theelectrons produceduponthe ionizing collision will
havetheir velocities reducedby the coulombicforces of the surrounding ions. These

ions will slow the electrons down to approximately the ion thermal velocity. The ions

produced by the beam will see a negative potential well in the center of the beam and

will drift into the beam, this will partially neutralize the space charge spread of the

beam.

where

L

CY

V
e

The electron density in the vicinity of the beam is

NL
n =- electrons/cc

e

is the path length (cm)

is the area of the arbitrary cylinder (cm 2)

is the velocity of the scattered electrons (3 x 104 cm/sec)

across a surface is given by:

where

r

e

The current density of these scattered electrons

eN
J "- ne v e = 2 _---"_

is the radial distance from the beam to the surface

is the electronic charge

Table II shows these relationships as a function of

pressure for a 600 volt electron beam having 1 microampere of current, 1 millimeter

in diameter and 20 cm long.

Photoemission current densities in the order of 10-9amp/cm-

are reported by Whipple (40) on Nike-Apache rockets at an altitude of 160 km. Since

N, n, and J are linearly deperldent on the beam current, Table H can be used for any

beam current. Using a one microampere electron beam, the environment is not

significantly altered for rise in neutral particle densities up to 3 x 1011 particles/cc

and beam location as close as 1 cm to the vehicle surface. Higher current beams must

be located sufficiently far from surfaces, so that the ions they produce are dispersed.

82



Q)

I

0
f,.i

(D

l=

I'-I
II
r,,,l

ra

It

0
0
1-4
II
f..i

II

II
I,,i

0

i-I
I
0

I
0
i-4

0

I
0

Cq
0

I<

o

%

0

6'g

I
o

'r-I
0

I !

I I
0 0

I-'{
I I
0 0

0

o o

M V,

o o
H H

Go [,-

H H

N M

cg cq

I !
o o

e_

o
o o

H

o

o

X
00

f_

o _.D
O O

O

I
O

I
O

I
O

!

e_

O

O

t_

I
O

CO
O

_D
H
I
O

O

I
O

N
I
O

L_

U3
O

I
O
e_

O

O
O O

O

M
CO

I
O

83



b. Secondary Emission

The electron beam strikingthe collectingplate creates secondary

emission of electrons, which would cause the ambient electron densityto rise ifthey

were allowed to escape. In addition,the secondary electrons effectivelyreduce the

current being used to drive the nulllngloop.(41)

Thus, a screen mesh located close to the targetwith a repelling

voltageof 90 volts,assures that most of the secondaries return to the target. Thus,

the ambient electron density isnot appreciably changed and sufficientcurrent is

availableto drive the loop.

c. Photoemission and Charge Particle Fluxes

Various mechanisms exist in the ionosphere for the production of

charged particlefluxes. Thus in the design of the instrument R was necessary to

allow for the change of the ambient fluxdensitywhich is distributeduniformly across

the surface of the segmented collectorplate. The technique of measuring the

differentialcurrent caused by the deflectionof a less than 1 mm diameter e_ectron

beam which is continuallynulledto the center of the targetplate, permits fluxes of

greater than 10 microamperes to occur without saturatingthe differentialamplifier.

Whipple (40) reports that characteristicphotoemlssion current density is about a nano-

ampere per square centimeter. A targetplate of one square cm would have a negligible

current rise due to incidentflux, permitting the differentialamplifier to operate

normally.

d. EMI and RFI

There are two aspects of EMI and RFI; (1)thatwhich isproduced

by the device, (2)tl_atwhich is produced by the environment which limitsthe useful-

ness of the device.

(1) EMI and RFI of the Device

Considering each component separately, it is possible to

establish the devices EM or RF produced environment.
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(a) Electron Gun

Theelectron gunhasa directly heated filament which for

the laboratory model is pure tungsten. It uses D.C. current of 3,6 amperes and

voltage of 3 volts. The filament lead wires are twisted, thus magnetic fields are

•cancelled.

The accelerating potential is 500 volts D.C. and the

focussing screen potential is 120 volts D.C. The electrostatic shielding of the gun

structure ellminates static electric field from the environment.

The electron beam is less than one microampere and

travels 18 cm to the target. The magnetic field produced is approximately:

B=_oI/2_r weber/m 2

where

r - 5 x 10 -4 meters

I - 10 -6 amperes

_o = 4 _ x 10 -7 henry/meter

Thus, the magnetic field produced by the beam at its

surface is approximately 10 -10 webers/meter 2.

The chopper is electromechanical and thus has a small

noise EMI spectrum about its 400 cps rate. This power spectrum will be insignificant

after encasing within the read-out chassis.

(2) EMI and RFI of the Environment

Since the device is designed to measure electric fields both

static and slowly varying, externally produced electric or magnetic fields would

disturb its readings. However, since the measurements are highly filtered around

the chopping frequency, rapidly varying fields will be discriminated against.

Magnetic fields of any nature are discriminated against by _e operation of the

Faraday cage.
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Elimination of the disturbanceof static or slowly varying
electric field is obtainedby either physical separationor orientation of the device
with respect to the source. A constantbackgroundelectric field canbenormalized
out of the measurements.

D. ATTITUDE RESOLUTION REQUIREMENTS

Since the electric field meter is located aboard a spacecraft moving relative

to the magnetosphere the electric field (E') measured by the meter exists only in the

reference frame moving with it. (42) It is therefore necessary to transform this

field to a frame fixed relative to the earth, since this is the ambient electric field (E)

within the ionosphere. Where E = E' -V x B.
S

In order to accomplish this transformation it is necessary that the following

be measured:

• Vector ambient magnetic field relative to the spacecraft,

• Velocity of the spacecraft relative to the earth,

Attitude of the spacecraft relative to the frame of reference fixed
to the earth.

1. Requirements for Resolution of Attitude Measurements:

The velocity vector of an orbiting vehicle can be determined to better than

one part in 105 by ground tracking. However, it is necessary to know the attitude of

the vehicle relative to the inertial frame to use this velocity measurement in

computing the (v s x B) field acting on the vehicle. The local magnetic fields are

measured by on-board three axis magnetometers. The velocity vector can be

related to the satellite reference frame using the attitude measurements. In this

frame the electric field measurement is made.

We can examine the requirement upon the attitude measuring system for

a given error in the determination of the (vs x B) field. This component of the

measured electric field consists of the following terms:
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where

AB

m

Avs

is the error in the measurement of B

is the error in the velocity due to the error in measurement of the
vehicle attitude.

The error terms can be examined separately, and the last term on the right hand side

can be neglected because of smallness. Thus the error is:

The maximum error occurs when

dicularto B simultaneously. From thisthe IA v 1

terms as:

I -1v
l_Vs! = r_ meters/second

and the attitude measurement error permissible is:

A_ isperpendicular to _s and _ s is perpen-

error can be relatedto the other

A A = _ milliradian.

Ivi

Table HI lists the required attitude accuracy in radians of arc for orbital velocity of

7.5 x 10 3 meter/second upon assumed errors in measuring the magnetic field and

desired accuracy of determining the (_s x B) field. This is based on the maximum

error, thus the accuracy of (_s x B) will be better most of the time. The maximum

magnetic field is assumed to be 0.4 gauss ( 4 x 10 -5 webers/m2).

This table shows the most severe requirements on the attitudemeasuring

system. Itshows the range from the most precise measurement of about 0.1 milli-

radian (roughly to within 20 seconds ofarc) to a rather crude measurement of 25 milli-

radians (roughly 1.5 degrees of arc). Therefore system sensitivitycan be estimated

based upon the accuracy of the magnetometer measurements, resolution of the attitude

measurement, and the acceptable error inthe (vs x determination.
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Table III- Rec_uired Attitude Resoltuion (Milliradians)

AB "

igauss)

(millivolts/me ter)_

0.4

0.8

2.0

4.0

8.0

0.5

0.88

1.4

5.4

12.0

26.0

0.17

4.2

10.8

24.0

2.5

0.8

7.5

21.0

5

0.8

14. 0

2. Component of Electric Field Parallel to the Ma_etic Field:

It is possible to determine the component of the electric field which is

parallel to the magnetic field without knowledge of the spacecraft attitude in an

inertial frame of reference. The two aspects of this technique which reduce its value are:

where

M

E

B

V

(a) Since the conductivity of the ionosphere is anisotropic, the electric

field sustained parallel to the magnetic field is in the order of 100

times less than the electric field perpendicular to the magnetic

field.

(b) Knowledge of the parallel and perpendicular components of the

electric field do not completely define the field orientation.

However, for completeness the following analysis is included:

_I =E +Vx_

is the electric field as measured by the instrument (V/m)

is the ambient electric field (V/m)

is the local magnetic field (web/m 2)

is the vehicle velocity (meters/sec)

(26)
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The apparent electric field due to the electron velocity relative to the

magnetic field is eliminated by the Faraday cage technique used with this instrument

described in Section HI of this report.

Now if the scalar product is taken with the magnetic field and the

measured electric field we have:

n _ _ m

B'M=B.E+B" (vxB)

s ce, x B) = o,
B'M= E.B

Thus, = IB[ =
where E Jl is the electric field component parallel to the magnetic field.

In terms of the three directional field components MIM2M 3 (measured in a satellite

fixed coordinate system) and of the three field components B1B2B 3 measured by

magnetometers directed along the same vehicle axes, one obtains for Equation (28):

(27)

MIB 1 + M2B 2 + M3B 3
Ell = i/2 (29}

2 2
(B_ + B2 + B3 )

Thus, Ell can be measured without recourse to measurement of velocity V or of

vehicle attitude angles.

An error analysis of Equation (29) has been made. Table IV gives typical

results of the accuracy of Ell (in millivolts_/meter) based upon assumed errors in

individual measurements M and magnetic field measurement errors. Thus, if each

component of M is measurable to 1 my/meter the parallel field Ell may be calculated

to the same accuracy if magnetic components are known to 0. 5 milligauss (50 gamma)

or better.

Table IV. Error in E11(millivolts/meter )

Error in B

(milligauss) 0. 5 1 2.5 5.0

O
o

°,-_

(D °,-4 O

0.4 0.53 0. 81 1.81 3.56

0. 8 0.87 1.07 1.94 3.62
2.0 2.0 2.12 2.67 4.'06
4. 0 4. 0 4.06 4.36 5.34
8.0 8.0 8,03 8.2 8.75
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3. Magnetic Field Measurement Requirements:

Whenever the error due to the vehicle motion is excessive with respect

to the electric field being measured, it is necessary not only to know the vehicle

velocity and attitude, but also the magnetic field.

Thus, a three axis fluxgate magnetometer is a necessary associative

meter to fully reduce the data collected by any electric field meter on an orbiting

spacecraft moving relative to the magnetosphere.

The fluxgate magnetometer responds to all magnetic fields, Internal

magnetic fields generated aboard the spacecraft decay as the inverse cube of the

ratio of the distance t_ the meter and the radius of the spacecraft. Thus a magnet-

ometer located 5 body radii from the spacecraft, permits internal magnetic fields

which leak out to be as large as 0.5 gauss without jeopardization of the measure-

ment of the ambient magnetic field for orbits between 200 and 2000 km altitude.

A three axis fluxgate magnetometer can be calibrated to have a

precision of 1 milligauss for magnetic fields as large as 0. 5 gauss. Its physical

size is a cylindrical sensor of 50 cu. inches and an auxiliary power and read-out

package of 75 cu. inches. Its total mass is 3 pounds.

4. Attitude Resolution Requirements for Specific Missions:

Since the magnitude of the electric field varies with each mission, the

degree to which the attitude must be known also varies.

Assuming that the magnetic field components are each measured to an

accuracy of 1 milligauss, the velocity of the vehicle relative to the earth is

measured to better than one part in 105, and the orbit lies between 200 - 2000 kin;

it is then possible to assess the required attitude resolution requirements for the

mission.

9O



a. CategoryI - Engineeringor Housekeeping

(1) ChargedContaminantCloudElectric Fields

Sincethe rangefor this field is extremely wide (10-2 to

102 volts/meter)which reflects our lackof knowledgeof the phenomena,the range
of attitude resolution is likewise wide.

To maintain an error less than 10% of the expected field

value, the attitude resolution necessary to measure the minimum field expected

is 40 seconds of arc, while the attitude resolution requirement for the largest

field is in excess of 90* with errors less than 1% expected.

This range of attitude requirements from 40 seconds to

over 90" indicates that with improved knowledge of the phenomena better predictions

of attitude resolution accuracy will be obtained. These may well prove to present

no problems to typical manned spacecraft systems.

(2) Sheath Interaction Electric Field

Since these fields are typically reasonably strong (from 100

to 102 volt/meter), the attitude resolution requirements are essentially non-existent.

They range from 1.5* to over 90* of arc for less than 1% error in measurement.

(3) Forces and Moments Due to Ionospheric Electric Fields

For this mission two electric fields must be measured; the

surface and the ambient electric field. Attitude resolution for surface field

measurements were given in (2) above, while the range of ambient electric field

values ( from 10 -2 to 100 volts/meter) requires high precision of attitude resolution.

For ambient electric field attitude resolution requirement

is for 40 seconds of arc for an error of 10% for the minimum field and 1% or better

for the maximum field.
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(4) Lunar Environment

Sincethe magnetic field in the lunar environment is signifi-

cantly smaller than near earth, and since the range of electric fields (10 -1 - 103volts/

meter) indicate relatively strong fields, it is doubted that the (_ x B) contribution

will represent a significant problem.

b. Category II - Scientific or Survey Missions

(1) Ambient Electric Field

The attitude requirement of 40 seconds of arc was discussed

previously. This would assure an error less than 10% at the minimum field value and

less than 1% at the maximum field value.

(2) Sounding Rockets

The use of the near vertical trajectory in the polar regions

minimizes the (v x B) problem when measuring the ambient electric field. The two

reasons are:

• The vertical trajectory nearly cancels the _ x B)

contributions to the measurements of the ascending

and descending legs.

• The magnitude of the (v x B) contribution is small

due to the low velocity and small angle between these

vectors.

5. R.M.S. Error Analysis

In order to establish a reference frame on the vehicle, we shall consider

the plane in which the vehicle velocity vector and the local magnetic field vector lie

as the xy plane and the orthogonal direction to this plane as the z axis.
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The magnitudeof thevehiclevelocity will be determinedby groundradars,
Accuraciesbetter thanonepart in 105can be obtained for orbiting vehicle velocities,

Thus the length of this velocity vector can be assumed as known, while the errors in

determining the attitude of the vehicle relative to an inertial frame create an error

circle at the end of the velocity vector (assuming that all error angles are equally

probable).

The magnetic field measurement has an error assumed to be equal in all

directions, thus an error sphere is generated at the end of the magnetic field vector.

e_

A

The direction error of the velocity vector Is c = ! A v ! /] Vo!

magnetic field error is 5 = I A ]_/_ Bol . Thus vectorially we have

Av = (¢ Vo)(J cos_ +k si_ )

and the

where S is the angle between the y axis and the A_ in the yz plane.

and

A _ = (SBo) (_ cos_0 + jsin_0) cos_) + _ sinO

where _0 is the angle between the x axis and the projection of the

and O is the angle between its projection and the vector.

A_ on the xy plane
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I..

The expansion of the measured (_ x B) is then

v x B = vo xSo + (_vx So) + (Vox _o )+ (_o x 8 o)

Neglecting the last term on the right hand side,we can determine the error in the

measurement as;

ff = (_v x Bo)+(L x A--Bo)= eVoB O i(-sin_ sin_ )+ j(eosc_sin_ ) + k(-cosc_ cos_

The square of the error is

[ +;',.'=o°'°,j

2
2 2 [sin2 sin2_ cos c_cos2_J= (e2 v° B o ) + 2c_sin2B + cos 2

+(62Vo2B2 ) _sin20 +sin2_ocos20 ]

This can be reduced to:

_( 2 _+ 52 (sin20 + sin2cp cos20)v 2B 2 = ¢ cos c_ + sin2c_sin2

O O

By integrating over the angles, the average square (error) can be determined.

2rT 2_ rT/2

Z2> _ _ ._ _ ,_ _e2(cos2 +sin2c_sin 2_)
- 4_ 3 0 0 -_/2

52(sin20 + sin2cp cos20)_ d0d_0 d_
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dE 2 > =¢2(cos2 + s._)+ 62(3/4)

The r.ms error is then:

and

_/ 3 52 'For _=0 ° A= ¢2 + 4"

For c_=90" A= "F + 8

(maximum error)

(minimum error)

The three axis fluxgate magnetometer is capable of an accuracy of 10 -3

gauss. Assuming the maximum field is 0. 5 guass; then 5 is:

AB 10 -3
5 = -- = = 2 x 10 -3

I B ! 5xi0 -1

52 =4x 106

The attitude resolution requirement for a given maximum r. m.s. error

then can be computed as:

¢2 =42 3 52

Since accuracy of 1 miUivolt/meter or better for anelectric fielddue to vxB of

approximately 500 millivolts/meter; the r. m.s. error allowable should be less than

2 x 10-3.

The attitude resolution for the maximum error to be 2 x 10 -3 is:

2
¢ = 10-6

or e = • 10 -3

= ]_vl : error angle (for small angles).
V

O

This analysis indicated the attitude resolution on an r. m.s. error basis

in 10 -3 radians or about 4 minutes of arc.
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6. Summary of (v x B) Problem:

The discussion presented in this section was intended to point out a

problem inherent with all electric field meters located aboard a spacecraft moving

relative to the magnetosphere• The extent of the problem depends upon:

• The range of electric field values to be measured,

• The trajectory of the vehicle,

• The velocity of the vehicle,

• The precision to which the measurement must be made.

The accuracy of 40 seconds of arc indicated as the most severe require-

ment, is actually a greater restraint than will normally be required. This resolution

requirement was derived for the case where the error in the velocity measurement

was perpendicular to the error in the magnetic field measurement. This situation

is extremely rare, and a minimum resolution requirement would more realistically

lie between 1 and 2 minutes of arc, and the r.m.s, error analysis is less restrictive•

E. MISSION CONFIGURATIONS

Although there are many possible configurations we will consider two which

encompass most of the missions:

Multipurpose Mission aboard AAP workshop

Sounding Rocket Ballistic Mission.

lo

follow ing:

Multipurpose Mission

The choice of the AAP workshop as the spacecraft was based upon the

Orbits exist between 200 - 2000 kin.

Attitude Resolution capabilities are excellent.

Possibility of Astronaut operation of device•

Surface extent sufficient for meaningful surface field measurements.

• Payload capacity.
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. Optical chargedcloudproblem will probably exist.

Manyelectromagneticexperimentswill beperformed modifying
or beingmodifiedbythe plasmasheath.

Correlation of ambientelectric field changesbefore_ during and
after solar flares.

Extensive duration missions, providing an excellent survey of the
electric field under many conditions. In addition, electrodynamical
drag and moments will have sufficient time to accumulate to be
significant.

a. Concept of Mission

Since there are many possible objectives for the electric field

measurements, and many common attributes; the concept of a few meters at

appropriate and variable locations which sequentially are used for different

measurements has been adopted.

The minimum number of meters and their locations are as follows:

o One - surface electric field meter, electron beam oriented

perpendicular to flow, located downstream from most EM

experiments.

Two - electric field meters mounted on extensible booms

variable distance from surface to 5 body radii, electron

beam oriented perpendicular to flow and orthogonal to each

other.

One - three axis fluxgate magnetometer mounted on boom

5 body radii in length.

The sequencing of measurements will permit time sharing of the

limited number of meters available. Normal operation will have a duration of two

minutes, and the frequency will be four time an orbit.
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Mission

Category I

a. Charged cloud fields

b. Plasma sheath fields

c. Forces and moments

Category 11

a. Survey

Meters Required

A,B,C

A

A,B,C

(magnetic field (C))

B,C

Expected Measured Values

10 -2 to 10 2 volts/meter

10 0 to 10 3 volts/meter

10-2 to 10 3 volts/meter

(10-2to 5 x 10 -1 gauss)

10 -2 to 100 volts/meter

whe re: meter A

meter B

meter C

is the surface electric field meter,

is the extensible boom mounted electric field meters,

is the boom mounted magnetometer.

Each meter will normally operate 8 minutes per orbit. The life

expectancy of the filament is over 500 hours; thus roughly 4,000 orbits or about

8 months operation can be expected from each meter. This will be reduced if the

meters are placed in continuous operation mode to observe a charged cloud

formation or dissipation; or to observe events for longer than two minutes during

a solar flare.

The output of the meters will be a d.c. voltage (0 - 5 volts)

suitable for either telemetry or recording or both. Each electric field meter requires

4 data read-out channels and 20 housekeeping channels; the magnetic field meter

requires 4 data and 10 housekeeping channels. This is a preliminary estimate

requiring about 90 channels when all meters are operative. During the experiment

definition phase, redundancy will be eliminated and time sharing of channels will be

considered, based upon the number of channels available for telemetry. Since the

data can be read out after the measurement, the number of channels can be reduced

to fit any specific flight mission plan. Standard IRIG telemetry sampling rates will

be used and time standard will be the spacecraft clock.
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b. Physical andElectrical Configuration

The spacecraftbeingconsideredis the AAP workshopwhosebody
radius is about3 meters and length about 15 meters. Thus the 5 body radii extensible

boom has a maximum length of 15 meters. This boom will support either an electric

field meter sensing head having a mass of one pound (this unit was shown in Figure 1)

or a magnetometer head, also weighing one pound in cylindrical shape - 3 inches in

diameter and 6 inches long. A design study to be conducted during the experiment

definition phase will finalize the exteustble control mechanism, the stresses allow-

able for the boom_ and its load carrying capacity. A cable harness will connect the

sensing heads of the meters to their respective housekeeping packages located within

the spacecraft. The electric field housekeeping unit wiU have a mass of 2 pounds,

cylindrical shape of 6 inch diameter, 6 inch length. The magnetometer housekeeping

unit has a mass of 9 pounds, and cylindrical shape of 3 inches diameter and 10 inches

in length. The total cable mass for each extensible harness is estimated at

5 pounds and the booms' mass is estimated at 10 pounds. The boom storage container

will be a cylinder of 1 foot diameter and 0.8 feet wide. The booms wiU extend up to

15 meters in length and be 2 inches in

as follows:

Unit
J

Electric Field Sensing Heads

Magnetometer Sensing Head

Electric Field Housekeeping Package

Magnetometer Housekeeping Package

Extensible Boom Package

diameter.

Quantity

The total payload mass is estimated

Total Mass

j_ounds (kg) l_ound.s.(kg)

3 3 (1.361) 3 (1.36)

1 1 (0.454) 1 (0.454)

3 (if simultaneous) 6 (2.71) -

1 (if sequential) - 2 (0. 905)

1 2 ( 0. 905) 2 (0. 905)

9 (if two E meters 20 (9.05)
on same boom)

3 30 (13.6) -

Cable Harness 3 15 ( 6. 6) 15 (6. 6)

max. 57 (25.8) rain. 43 (19.4)

( ) System International Units (kg)

Therefore a totalpayload weight between 43 to 57 pounds is

extimated for the experiment.
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The electrical power is assumed to be available from the space-

craft prime power, and only signal conditioning is included in the mass estimate.

The housekeeping units will draw the power from the meter operations, and the boom

extension package will draw the power during erecting and length variation procedure.

The power drain is estimated as:

Unit Quantity Stand-by Aver.E.__a_ - _aximum(watts)

Electric Field Meter 3 6 36 45

Magnetometer 1 1 1 2

Boom 3 0 1.5 3

Total power requirements: 7 38.5 50 watts

This power estimate is based upon a tungsten filament, which is

being used in the laboratory breadboard. The total power requirement can be reduced

by as much as 10 watts per electric field meter if oxide coated filaments are used.

This would reduce the payload requirements to:

Power Requirements Stand-by Average Maximum (watts)

Payload total 2 8, 5 20

In summary the flight package including 3 electric field meters,

1 magnetometer, 2 or 3 booms with housekeeping and harnesses is estimated to have

a mass of 43 to 57 pounds and an electrical requirement of 2 watts standby, 8.5 watts

to 20 watts for operation. The conceptual sketch of the multi-purpose mission is

shown in Figure 19.

2. Sounding Rocket Ballistic Mission

These flights provide a means of measuring the ambient electric

fields during solar flares or auroral displays. Two ballistic launches of sounding

rockets would be desirable. Since the magnetic field flux tubes terminate in the

polar regions, a launch site such as Fort Churchill would be preferred. One launch

will be accomplished during a quiet solar period and the other during active solar

periods. A near vertical launch would permit the near cancellation of the (vs x B)
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SATURN IV

1. H2 Tank Vent

2. 3 - 3400|b Thrust (Nominal) U11ap Pockets

3. Separation Plane

4. 4 - 35,0001b Thrust (Hornin_l) R_rn Rockets

$. 109.844 Red. Bolt Circle

6. Common Bulkhead

7. Attitude Control System -3 -1501b Motors (2 Modules)

L METERS (Located External to Spacecraft) ]

A. Surface Electric Field (12"Long x 9" x 9")

B. Extenslble Boom Mounted Electric Field

B - x. Eleetro_ Betrn bl x Direction

(12"Long x 9" x 9")

B - y. Electron Beam in y Direction

(12"Long x 9" x 9")

C. Fixed Boom Mounted Magnetometer (3"Diam x 6"Long)
260"

Diameter

_ Y

HOUSEKEEPING PAYLOAD (Located within Spacecraft)

a. Extenstbte Boom Canister (12"Dram - 9"Long)

b. Electric Field Meter Housekeeping Package

(6"Diam - 6"Long)

c. Magnetometer Housekeeping Package

(3"Diam - 10"Long) A

B-y _ B-X

B-x

Figure 19: AAP Workshop Conceptual Configuration
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electric field, thusthe vehicle attitudeandvelocity need be known to moderate

accuracy. The ambient vector electric and magnetic field, and the plasma to

vehicle potential differences will be measured. The apogee will be in the order

of 2000 kin, and data will be telemetered to ground stations negating the need for

recovery. The vehicle would be spin stabilized, thus only one electric field meter

is required for the three components of the electric field.

The meter, alignedas shown in Figure 20 , willpresent minimum

plasma sheath interferencedue to the component parts of the meter. The ambient

electricfieldmeter willbe mounted on a foldedboom which would extend at an

altitudeof 100 - 200 km and remain extended to re-entry. A symmetrical boom

would house the three axis magnetometer. All systems would operate continuously

from time of boom extension to re-entry. Data willbe processed withinthe house-

keeping payload and telemetered from the vehicle. Ground radars willtrack the

payload throughout the flight.

a. BaUastic Flight Considerations

A near vertical launch in the polar region would reduce the

magnitude of the (vs x B) field which perturbs the electron beam electric field

measurement. In addition the symmetry of the ascent and descent of the payload

permits approximate cancellation of the perturbing field from the data. However,

to assure knowledge of the magnetic field vector during the flight it is recommended

that a three axis fluxgate magnetometer, capable of resolving each magnetic field

component to an accuracy of 1 milligauss, be mounted on a symmetrical folded boom

to the electric field meter. The boom length would be about 5 feet depending upon the

structural constraints of the payload. This distance assures the decay of the vehicle

plasma sheath electric field to less than 1 millivolt/meter at the meter providing the

meter is not in the vehicle wake, and requires the internal magnetic field of the

vehicle to be less than one gauss for 1/2 foot radius housekeeping payload. The

internal magnetic field is minimized by choice of materials, and placement of

current carrying wires.
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SPIN VECTOR

a. Electric Field Meter Housekeeping Pkg.
b. Magnetometer Housekeeping Pkg.
c. Telemetry Package
d. Surface Potential Probes (4)
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DEPLOYED
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b.

PANEL
HINGE

ROCKET
12" DIA - 7T' LONG

C°

,a,

PANEL LENGTH - 60"#.

d.

ELECTRIC FIELD
METER SENSOR
12" x9"x9"

Figure 20: Sounding Rocket Conceptual Configuration

103



Spin stabilization is recommended as the simplest method to

maintain attitude during the flight. However, the spin rate chosen must represent

a compromise between the electron beam Faraday cage chopping rate, the number of

E field samples per measurement integration, the time variation of the nutation of

the payload, and the number of degrees rotation smear per measurement. For

example, a spin rate of 10 r.p.m, would permit 30 samples at a 400 cps chopping

rate and a vehicle rotation of 5 degrees during integration

Since the most important data is the ambient electric field vector

relative to the magnetic field vector, precise knowledge of vehicle attitude at the

time of measurement is not required. The modulation of the telemetered data due

to vehicle nutation would provide sufficient attitude information for data reduction.

The electron beam for the ambient electric field n_ ter will be

fired in a direction perpendicular to the velocity vector. Providing that nutation

angle is less than 30 °, this orientation will assure that the beam is not in the wake

of the components of the meter. If we let the velocity lie along the z axis, then

the beam is in the x-y plane. Thus during rotation the components E z and Ex

and then E and E are alternately measured every 90 ° of rotation. By sampling
z y

every 5 ° it is possible to reconstruct the electric field vector during the measurement.

The altitude change during each 5 ° measurement is about 1000 feet, decreasing as it

nears the apogee. Electrostatic surface potentiometers will be placed at various

locations on the payload to monitor the surface field changes. Due to the probable

size of the housekeeping payload for the ballistic flight, it is doubtful that a surface

field meter would be appropriate for this test.

b. Physical and Electrical Configurations

For this mission one electric field meter and one magnetometer

with associated housekeeping packages, as well as two five foot booms with two

cable harnesses and prime power batteries is required.
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The massestimate is:

Electric Field Sensor Head pound ( 0.4536 kg)

Electric Field Housekeeping Package pounds ( 0.906)

Magnetometer Sensor Head pound ( 0.4536)

Magnetometer Housekeeping Package 2 pounds ( 0.906)

Harnesses (two) 2 pounds ( 0.906)

Boom (two) 6 pounds (2.72)

Batteries and mounts 10 pounds (4.536)

Telemetry Transmitter 6 pounds ( 2. 72)

Total Payload Weight: 30 pounds (13.6)

( ) System International Units (kg)

The electric power requirement is 12 watts for

6 watt-hours.

1

2

I

30 minutes or

F. IN-FLIGHT ELECTRIC FIELD METER OPERATION

After boom extension, the filament is allowed 1/2 minute warm-up prior to

the application of the gun voltages. The amplifiers are normally in stand-by operation

maintaining temperature and voltage stability. The electromechanical chopper is

activated when filaments are being warmed-up. When the electron gun is fully

operational, the Faraday cage is shorted (zero electric field), the electron beam is

centered by the nuUing voltages on the two. axis deflection plates. The zero electric

field voltage is recorded along with spacecraft time and attitude data. The

sequencing of the chopped field calibration is started. The synchronous detector

provides a d.c. voltage proportional to the electric field which is chopped by the

intermittent application of the Faraday cage. The calibration of electric field

versus output voltage will be initially performed on the ground. In flight calibration

is accomplished by applying stepped known voltages at the chopping rate to the

Faraday cage plates when they are not shorted together and recording the nulling

voltages. After calibration, the normal operative mode occurs; the external

electric field to be measured is chopped by the action of the Faraday cage and the

d.c. output voltage of the two axis are stored for telemetry or recovery. The form

of the output will be a 0 - 5 volt signal which can be used in standard telemetry.
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A typical operation procedure is given below:

Typical Ol_eration Procedure

1. Stand-by condition, amplifiers warm and stable,

2. Boom extension

3. Filament warm-up (1/2 minute); electromechantcal chopper
operative,

4. Gun voltages applied,

5. Faraday cage shorted (zero field calibration) d.c. output voltage
of demodulator-filter is tored.

6. Faraday cage opened (electric field calibration), chopped voltages
applied to two axis Faraday plates in turn, d.c. output and applied
input voltages are stored for calibration to update ground calibration.

7. Normal chopped mode, Faraday cage is alternately created and
removed, the d.c. output voltage of the demodulator-filter is stored.

In addition to the d.c. output voltage, the time of measurement, the attitude

of the vehicle and the vector magnetic field are required to interpret the electric

field measurements. These data must be telemetered with each reading.
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APPENDIX I

FARADAY CAGE OPERATION IN THE IONOSPHERE

The proper operation of the Faraday Cage by electrically shorting and opening

several sections of the cage necessitates certain requirements which may be stated

as follows:

1) The electrically unconnected segments of the cage must not distort

the ambient electric field at the location of the electron beam.

2) The electrically conducting plasma must not provide circuit

closing equivalent to that in (3).

3) The electrically connected segments of the cage must provide a field

free region at the location of the electron beam.

4) The external plasma must provide sufficient charge to the cage

segments so that on disconnect, the charge distribution present

before connection is restored. This must be accomplished

within the allotted time.

We may investigate requirements (1) and (2) by considering the following

problem. There are a number of conductors of finite extent immersed in a

conducting medium of different conductivity. Far from the finite conductors and

extending to infinity, there is a uniform electric field. Find the field everywhere

in space.

Since the fields are stationary, we may assume them to be given by the

negative gradient of a scalar potential ¥. The following boundary conditions

exist at the interface between the finite conductors and the infinite medium. First,

the potential is continuous, or:

_i = _o (z)

III



where the subscript i designates the interior of the finite conductors and o the

exterior infinite medium. Since the normal component of the current density is

continuous (this follows from the divergenceless character of the current density

in steady state)

_i b Yo
- c -- (2)

°i 5n o bn

where c isthe electricalconductivityand 8 _'/ bn is the normal derivative. In

both regions Laplace's equation is obeyed since:

_. j = _. _ E = - _ • (o V Y) =0 (3)
m

and in particular if c is uniform.

_2y =o (4)

It may be noted that for a dielectric immersed in a dielectric medium, Laplace's

equation is also satisfied and the boundary conditions are:

_i = _o (5)

bY. bY
I o

= ¢ _ (6)¢i 0
5n 5n

where ¢ i and ¢ o are the interior and exterior dielectric constants. Hence, if

we have the solution of a problem involving conductivities, then we also have the

solution for dielectric constants.

In the problem which concerns us, the conductivity of the Faraday cage

exceeds, by many orders of magnitude, the conductivity of the plasma in which it is

immersed.
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In suchcircumstancesfurther simplification becomespossible.
boundaryconditions:

Considerthe

ao _'_o b_'i

o i _n Bn (7)

Let o o / o i become very small while B_ o / _ n

b _ i / b n becomes small and vanishes in the limit.

reduce to:

remains bounded. Then,

Thus the boundary conditions

= o (s)

m n 0 (9)

,P

If it is assumed that _ i is constant or zero everywhere inside the conductor then

the above boundary conditions are satisfied with:

= o (lo)0

on the boundary. Thus the problem will reduce to the problem of the potential

exterior to conductors immersed in a vacuum. It may further be noted that the

requirement that _ _ o/_ n remain bounded is satisfied provided the conductor has.

no sharp points or edges at which the field may become very large.

We shall illustrate the above discussion with the problem of a conducting

elliptic cylinder immersed in a conducting medium. In the limit of zero eccentricity

the elliptic cross section will reduce to a line. We use the notation of Reference 1.

The elliptic cylinder coordinates are defined by the following equations:

R=l/2a cosh_cos8 ; y =l/2asinh_ sin8

h =h =1/2 a /sinh 2 " a_o h2_e _ + sin2 8 = 1/2 s -cos

r= x+l/2a2+ y

• (ii)
2 o
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where the curves _ = constant are ellipses and the 8 curves are hyperbolas,

allwithfociat x=_-l/2a. The scale factors are designated by h and h e .

The symbol r is the magnitude of the radius vector. The following diagram

illustrates the coordinates:

e= __
2

_)=TT
8=0

8=2_

Let us assume that the cross section of the conducting elliptic cylinder is

oriented so that its boundary coincides with one of the coordinate ellipses. Assume

that the uniform field of magnitude E is oriented so that its direction forms an

angle ¥ with the x axis. The potential for this field is given by:

U
=-E (xcos y+ysin ¥)

=- 1/2 Ea (cosh_cos 8 cosy+ sinh_ sin8 siny)

The problem is reduced to finding those fields, both internal and external to the

elliptic cylinder, which on being added to the uniform field satisfies the boundary

conditions. The Laplace equation in these coordinates has the elementary solutions

_L, 8 , e _ cos 8, cosh(n_) sin(riB), etc. Exterior to the cylinder, the added

field must go to zero at infinity. Inside there is only the requirement that the fields

remain finite. Hence the total interior potential is given by:

(12)
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¥i = _ +A coshucose +Bsln basin eu

The total exterior potential is given by.

yo =_ u + C e-_cos _ +De-_ sln e

Making use of the orthogonality of the trigonometric functions and the

boundary conditions of Equations (1) and (2) we may solve for the coefficients

A, BI CI D.

The results are finally, for _ <
O

r--

I _ o | coshpcos e cosy + slnh_ slne siny l

¥=_Eae I ai _ c°s h _ o+Sin h _ oj+ -- sin h _ o a oL_. cosh _o a o

and for _ >
O

(13)

(14)

(15)

= -E (xcos y+y sin¥)

1 o. _o
+_Ea(_ l -i) e sinh (2_o)e

O

-7

_c cos e cosy + sin e siny I
cYi o i dosh_o + -- sinhtt sinh_ + -- cosh
(30 0 0 (3"0

R can be seen that by making the identification in Equations (15) and (16)

(16)

4D

a . "_ C
1

O

we obtain the result of Equation (10.1.27) of Reference (1) for a dielectric

cylinder, of dielectric constant e, immersed in vacuum with dielectric constant

unity.
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Consider Equation (16) for _ small. Now,
O

a sin h _ is the minor axis and
O

a cos h _ is the major axis of the ellipse
o

minor axis
tan h _ =

o major axis

For _ << 1, tan h _ _--- _ and
O 0 O_

minor axis
o major axis

Let us consider the field distortion (the added field) of Equation (16) for the

case of _ i / _ o >> 1. Let Yd be the potential for the distorted field.

I e-p I c°s e c°sy si_eslin_.___1
yd ___ - + ......

2 Ea_o i/ Ci +_o _o-- + 1
O° o

We make the assumption that i/---I < < _ although _ << 1.
o o o

o

E ae -_ cos O co_ Y
Then, Yd -- 2

Let us now consider the field at a point equidistant from the ends of the

major axis and outside the ellipse as in the diagram below.

beam

I
I lr

[

location

_--- _ ----4
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This is the orientation of the electron beam relative to one of the sides of the

Faraday cage. The distorted field component perpendicular to the major axis,

E_, is given by:

= 1 _

The component parallel to the strip is:

i bY

Zu =

N_

bYd _ _ E ae- _ cos8 cosy
b_ -- 2

rr

0, for e=-_-

or

rr

Ei_-- 0, for _ =_-

Ell ___ Ee _ sine cos ¥

cos h2 2- cos %

,_ E e- _ cos y for % = -_
-- cos h u ' 2

Thus at this point, the distorted field is parallel to the plate.

A measure of the distortion may be taken to be:

Ell _
E cos y (l-tan h_)

Maximum distortionoccurs for 7 = 0, where the fractionaldistortionis:

D= I-tanh
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Since,
1

y=_-a sinh_ sin

then for: 8 = _/2, sinh

8,

= 2__L
a

For the present case,

1 vt
y= 4_

a = 8"

Therefore, sin h _ = 1.125.

Finally, D _ .25

If we now consider the effect of two plates symmetrically located with respect

to the beam, we find that the beam is at 0 = TT/2 for one plate and 0 = 3rT /2 for

the second plate.

_--Beam

. 'i,_e__>_

Considered separately the distortion fields due to the presence of the plates cancel

at the beam location. However, this result can only be considered a first

approximation to the problem of two conducting plates, since each plate is in a

field which is the result of the external field and the presence of the other plate.

We may however conclude from the relatively small conductivity of the plasma

that the fields are those in a vacuum, hardly disturbed by the current flow in the

plasma.

The requirement (3) that the Faraday cage provide adequate shielding when

electrically closed has been tested experimentally and been found satisfactory.
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The requirement (4) is easily satisfied throughout the ionosphere. The

electrical closure of the cage segments permits a flow of charge and a redis-

tribution such as to provide zero field within the cage. The disconnect which

follows does not automatically provide redistribution of the charge to its original

position. In a hard vacuum, then, disconnect would not accomplish anything. The

field would still remain zero within the cage. However, in the ionosphere charge

transport will take place in such a manner as to restore the original fields. An

estimate of the time 7 required to achieve this can be made as follows:

field
The surface charge density o s

E is:

on a metallic surface which terminates a

J0s c o E

where _ o is the electrical susceptibility of a vacuum. The current density j

the plasma which flows as a result of the field E is given by:

j = o E

in

where o is the plasma conductivity. The time Y , then is:

_S CO

Y= j o

The value of ¢ is about 10-9/36rr. The value of o
o

the formula:
2

n e
e

o --
m_)

e, n+i

may he calculated from

where ne is the electron density, e is the electronic charge, m is the elec-

tronic mass and v e, n+i is the collision frequency of electrons with neutrals

and ions. Values of ne and v may be obtained from Table II ofe, n+i
Reference (2). Typically calculated values of o are about 10 mhos per meter.

Consequently T is much shorter than the period corresponding to the 400 H

frequency of opening and closing the Faraday cage.

4"
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